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■  Chapter 1.  The development of chiral monodentate N-heterocyclic carbenes (NHCs) 
is presented.  Structurally varied twenty-eight new chiral imidazolinim salts, NHC 
precursors, were synthesized and characterized. 
 
■  Chapter 2.  The first example of Cu-catalyzed enantioselective conjugate additions of 
alkyl- and arylzinc reagents to unactivated cyclic β-substituted enones is presented.  
Transformations are promoted in the presence of 2.5−15 mol % of a readily available 
chiral NHC-based Cu complex, affording the desired products bearing all-carbon 
quaternary stereogenic centers in 67–98% yield and in up to 97% ee.  Catalytic 
enantioselective reactions can be carried out on a benchtop, with undistilled solvent and 
commercially available (not further purified) Cu salts. 
 
■  Chapter 3.  A new class of enantioselective conjugate addition (ECA) reactions that 
involve aryl- or alkenylsilylfluoride reagents and are catalyzed by chiral non-C2-
symmetric Cu-based NHC complexes are presented.  Transformations have been 
designed based on the principle that a catalytically active chiral NHC–Cu–aryl or NHC–
Cu-alkenyl complex can be accessed from reaction of a Cu-halide precursor with in situ-
generated aryl- or alkenyl-tetrafluorosilicate.  Reactions proceed in the presence of 1.5 
equivalents of the aryl- or alkenylsilane reagents and 1.5 equivalents of 
tris(dimethylamino)sulfonium difluorotrimethylsilicate.  Desired products are isolated in 
63–97% yield and 73.5:26.5–98.5:1.5 enantiomeric ratio (47%–97% ee). 
 
■  Chapter 4.  An efficient Cu-catalyzed protocol for enantioselective addition of a 
dimethylphenylsilanyl group to a wide range of cyclic and acyclic unsaturated ketones, 
esters, acrylonitriles and α,β,γ,δ-dienones is presented.  Reactions are performed in the 
presence of 1–5 mol % of commercially available and inexpensive CuCl, a readily 
accessible monodentate imidazolinium salt as well as commercially available 
O
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(dimethylphenylsilyl)pinacolatoboron.  Cu-catalyzed 1,4- and 1,6-conjugate additions 
afford the enantiomerically enriched silanes in 72%–98% yield and 90:10–>99:1 
enantiomeric ratio (er) with up to >25:1 of Z:E selectivity.   
 
■  Chapter 5.  A Cu-catalyzed method for enantioselective boronate conjugate additions 
to trisubstituted alkenes of acyclic α,β-unsaturated carboxylic esters, ketones, and 
thioesters is presented. All transformations are promoted by 5 mol % of a chiral 
monodentate NHC−Cu complex, derived from a readily available C
1
-symmetric 
imidazolinium salt, and in the presence of commercially available bis(pinacolato)diboron. 
Reactions are efficient (typically, 60% to >98% yield after purification) and deliver the 
desired β-boryl carbonyls in up to >98:2 enantiomer ratio (er).  In addition, metal-free, 
nucleophilic activation of a B–B bond has been exploited in the development of a highly 
efficient method for conjugate additions of commercially available 
bis(pinacolato)diboron to cyclic or acyclic α,β-unsaturated carbonyls.  Reactions are 
readily catalyzed by 2.5–10 mol % of a simple NHC.  A variety of cyclic and acyclic 
unsaturated ketones and esters can serve as substrates.  Transformations deliver β-boryl 
carbonyls bearing tertiary as well as quaternary B-substituted carbons in up to >98% 







92% yield, 97.6:2.4 er
20:1 of Z:E ratio
81% yield, >99:1 er
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The term “carbene” is known as “a highly reactive molecule containing a divalent 
carbon atom”. 1  At first this term, however, was defined as “a bitumen soluble in carbon 
disulfide but insoluble in carbon tetrachloride”.2  A few years later, the meaning of 
carbene was elaborated by von E. Doering as: “the class of divalent carbon compounds 
having two, singly covalently bonded substituents and two unshared electrons that one 
appears justified in assuming the innoxious risk that the new meaning become known in 
the same, presumably chemical, circle presently aware of the old.  In its new meaning 
(collaboratively conceived by W. von E. Doering, S. Winstein and R. B. Woodward in a 
nocturnal Chicago taxi and later delivered diurnally in Boston) carbene is synonymous 










Fischer carbene Schrock carbene N-Heterocyclic carbene  
                                                
(1) The New Oxford American Dictionary, 2nd Ed., Oxford University Press, USA, 2005 
(2) Webster’s New International Dictionary, 2nd Ed., G.&C. Merriman Co., Springfield, MA, 1952 
(3) (a) von E. Doering, W.; Hoffmann, A. K. J. Am. Chem. Soc. 1954, 76, 6162–6165. (b) von E. Doering, 
W.; Knox, L. H. J. Am. Chem. Soc. 1956, 78, 4947–4950. 
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Figure 1.1.1 Orbital Diagrams of Carbenes 
Historically carbenes have been classified into two types: Fischer carbene and 
Schrock carbene.  As shown in Figure 1.1.1, a Fischer carbene has a nonbonding electron 
pair in a σ orbital which can participate in a bond with metals.  The empty p orbital in 
Fischer carbenes can accept electron density from at least one neighboring group; this π 
donation partially stabilizes the singlet state of the Fischer carbene.  Further stabilization 
of the Fischer carbenes come from π back-donation from the complexed metal into the 
empty p orbital of the carbene.  Metal complexation of Fischer carbenes has been shown 
to be facile and stable with late transition and low oxidation state metals but unfavorable 
complexation was observed with poor π donating early transition metals.  On the other 
hand, Schrock carbenes complex well with early transition metals in high oxidation 
states.  Due to the filled p orbital of a Schrock carbene, early transition metals having 
empty dπ orbitals are stabilized by π-donation thereby reducing electron repulsion in the 
overlapping orbitals.  Generally, substituents for Schrock carbenes are non-π-donating 
alkyl groups.   
N-Heterocyclic carbenes (NHCs) are a class of electronically modified Fischer 
carbenes; the two lone pairs of the two adjacent nitrogen atoms can donate electrons into 
the empty p orbital of the carbene leading to significant stabilization.  Due to the π-
donation from lone pairs on the two nitrogens, NHCs become strong σ donors to a metal 
and weak acceptors of π-back donation from metals; bonding between an NHC and a 
metal is considered to be mainly through σ donation of NHC. 



















































Co-enzyme for α-ketoacid dehydrogenases and transketolases  
Figure 1.1.2 A Naturally Occuring Heterocyclic Carbene 
As shown in Figure 1.1.2, a naturally occurring heterocyclic carbene (vitamin B1) 
is a co-enzyme for α-ketoacid dehydrogenases and transketolases through in situ 
generation of a carbene from thiamine pyrophosphate.4  
1.1.1. Electronic and Steric Effects of Substituents on Carbene Multiplicity  
As a catalyst or ligand, the intrinsic properties of carbenes are affected by the 
steric and electronic properties of the substituents on the carbenes.5  The ground state spin 
multiplicity is an important feature of the reactivity of a carbene;6 singlet carbenes, with 
one filled and one empty orbital, have an ambiphilic character yet triplet carbenes, with 
two singly occupied orbitals, are generally considered diradicals.  As shown in Figure 
1.1.3, carbenes can be either linear or bent due to having only six electrons in the valence 
shell of carbon.  Each geometry is ascribed by rehybridization of the carbon center.  In 
linear geometry, the carbene is sp-hybridized with two nonbonding degenerate orbitals 
                                                
(4) For a recent review on thiamin diphosphate catalysis, see: Kluger, R.; Tittmann, K. Chem. Rev. 2008, 
108, 1797–1833. 
(5) For a review on the electronic properties of carbenes, see: Bourissou, D.; Guerret, O.; Gabbaï, F. P.; 
Bertrand, G. Chem. Rev. 2000, 100, 39–92. 
(6) Schuster, G. B. Adv. Phys. Org. Chem. 1987, 22, 311–361. 
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(px and py; triplet carbene).  In a bent geometry (bending two substituents, R1 and R2), 
however, the hybridization breaks the degeneracy of the carbene’s p orbitals: the py 
orbital remains unchanged (pπ), but the px orbital becomes a stabilized σ orbital by the 
acquired s character (thus called a singlet carbene).  It is generally considered a singlet 
















Figure 1.1.3 Frontier Orbital Diagram by Bond Angle of Carbene 
Four possible electronic configurations of carbenes are shown in Figure 1.1.4.  By 
Hund’s rule, the lowest energy state of a carbene is a diradical type with paralled spins 
(triplet state; σ1pπ1) where the two frontier p orbitals are degenerate (px and py).  If the two 
nonbonding electrons are to be paired in the same σ or p orbital, this carbene is 
considered a singlet state and the σ2 configuration state is generally more stable than the 
pπ2 configuration.  The excited singlet state is also possible with the σ1pπ1 configuration 














triplet state excited singlet statesinglet state singlet state  
Figure 1.1.4 Electronic Configurations of Carbenes 
                                                
(7) Gleiter, R.; Hoffmann, R. J. Am. Chem. Soc. 1968, 90, 5457–5460. 
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1.1.1.a. Electronic Effects of Substituents 
The carbene ground state multiplicity can be affected by the inductive and 
resonance effect of the carbene’s substituents.  With the inductive effect, 
electronegativity of the substituents can directly influence the multiplicity of the ground 
state of carbenes.  As shown in Figure 1.1.5, the ground state changes from triplet to 
singlet by changing the substituents; σ-electron withdrawing substituents inductively 
stabilize the σ-nonbonding orbital by increasing its s character and leave the pπ orbital 
almost unchanged.  Electropositive lithium substituents, for example, increase the energy 
gap of σ−pπ by 13 kcal/mol (vs hydrogen substituents), thus favoring the triplet state (23 
kcal/mol for Li vs 10 kcal/mol for H).  By changing one substituent to a more 
electronegative fluorine atom, on the other hand, the singlet state becomes prefered (–10 
kcal/mol) over the triplet state.  This effect is magnified when both substituents are 
fluorine atoms (–45 kcal/mol).8 
                                                
(8) (a) Harrison, J. F. J. Am. Chem. Soc. 1971, 93, 4112–4119. (b) Harrison, J. F.; Liedtke, R. C.; Liebman, 
J. F. J. Am. Chem. Soc. 1979, 101, 7162–7168. (c) Irikura, K. K.; Goddard, W. A. III; Beauchamp, J. L. J. 
Am. Chem. Soc. 1992, 114, 48–51. 









































Figure 1.1.5 Singlet-Triplet Carbene Separation by Inductive Effect of Substituents 
This inductive effect of substituents can be explained by perturbation orbital 
diagrams.  As shown in Figure 1.1.6, electronegative substituents inductively stabilize the 
nonbonding orbital by increasing its s character while the pπ orbital remains almost 
unchanged, resulting in an increase of σ−pπ gap and favoring the singlet state.  On the 
other hand, σ-electron donating substitutents increase the energy of the nonbonding 
orbital, so that σ and pπ orbitals are energetically closer to each other, and the triplet state 
is thus favored. 




















X= σ– electron withdrawing substituents X= σ– electron donatingsubstituents  
Figure 1.1.6 Perturbation Orbital Diagrams (Inductive Effect of Substituents) 
The second contributing factor to the carbene ground state multiplicity of a carbene is 
the resonance effect of its substituents.9  This resonance effect consists of the interaction 
between orbitals (s, pπ or px, py) of a carbene and substituent’s p or π orbitals of it and is 
classified as either the effect of electron-donating (X) or -withdrawing substituents (Z).  
As shown in Figure 1.1.7, the carbene is predicted to be a bent singlet carbene when both 
substituents are electron-donating groups (X2).  The energy of the empty p orbital is 
raised by interaction with the lone pairs on the electron-donating substituents, but the σ 
orbital remains unchanged.  Therefore, the σ−pπ gap is increased and the highly bent 
singlet carbene is favored.  Due to the π donation from the lone pairs on the substituents 
(X), the C-X2 type of carbenes are known as having a polarized three-center four-electron 
system, resulting in the increase in bond order of the C-X bonds. 
With π electron withdrawing substituents (Z), the carbene is predicted to be 
singlet and linear due to the symmetric combination of the substituent’s vacant orbitals 
                                                
(9) (a) Hoffmann, R.; Zeiss, G. D; Van Dine, G. W. J. Am. Chem. Soc. 1968, 90, 1485–1499. (b) Baird, N. 
C.; Taylor, K. F. J. Am. Chem. Soc. 1978, 100, 1333–1338. (c) Schoeller, W. W. J. Chem. Soc., Chem. 
Commun. 1980, 124–125. (d) Pauling, L. J. Chem. Soc., Chem. Commun. 1980, 688–689.   
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interacting with the py orbital of the carbene.  This polarized three-center two-electron π 
system has a singlet ground state even with a linear geometry by breaking the degeneracy 
of the px and py orbitals. 
With one π electron donating and one π electron withdrawing groups, the mixed 
orbital interaction results in a quasi-linear carbene system.  The empty py orbital on the 
carbene interacts with the π electron donating substituent (X) while the filled px orbital is 
stabilized by the orbital interaction with π electron withdrawing substituent (Z) affording 

































X= π–electron donating group (–F, –Cl, –Br, –I, –NR2, –PR2, –OR, –SR) 
Z= π–electron withdrawing group (–C(O)R, –CN, –CF3, –BR2, –SiR3, –P+R3)  
Figure 1.1.7. Perturbation Orbital Diagrams (Resonance Effect of Substituents) 
1.1.1.b. Steric Effects of Substituents 
Both singlet and triplet carbenes can be stabilized by bulky substituents. This 
linear structure enforced by bulky groups causes the triplet state to be favored; the 
- 9 - 
substituents such as di(t-butyl)10a or diadamantyl10b groups force the carbene bond angles 
to be wide, resulting in a relatively more linear carbene structure (143° and 152°, 
respectively, Figure 1.1.8).  In contrast, cyclopropenylidene10c and imidazolidene11 have 
structurally defined carbene bond angles (57.2° and 102.2°, respectively) favoring a 















Figure 1.1.8. Steric Effect of Substituents 
1.1.2. N-Heterocyclic Carbenes with Transition Metals  
In the area of organometallic chemistry, NHCs were first introducted by Öfele 
and Wanzlick in 1968.  The first metal-NHC complex was a Cr-complex discovered by 
Öfele (eq 1).12  Upon heating a Cr-containing imidazolium salt, he obtained a light yellow 
crystalline solid as an unexpected product (“Verlauf nimmt”) in an 80% yield during his 
study of the synthesis of dihydrogenated metal complexes.  In the same year Wanzlick 
attempted to synthesize NHC-metal complex directly from an imidazolium salt (eq 2).13  
He isolated an NHC-Hg complex as colorless rectanglular plates after heating an 
imidazolium salt and mercuric acetate for 10 minutes. 
                                                
(10) (a) Gano, J. E.; Wettach, R. H.; Platz, M. S.; Senthilnathan, V. P. J. Am. Chem. Soc. 1982, 104, 2326–
2327. (b) Myers. D. R.; Senthilnathan, V. P.; Platz, M. S; Jones, M. J. Am. Chem. Soc. 1986, 108, 4232–
4233. (c) Lavallo, V.; Canac, Y.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G. Science, 2006, 312, 722–
724. 
(11) Arduengo, A. J.; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991, 113, 361–363. 
(12) Öfele, K. J. Organomet. Chem. 1968, 12, p42–p43. 
(13) Wanzlick, H.-W.; Schönherr, H.-J. Angew. Chem. Int. Ed. Engl. 1968, 7, 141–142. 




cat. DMSO N N +  H2  +  NaCl (3)
 
There was little attention paid to the area of NHC chemistry until Arduengo’s first 
isolation of a free NHC in 1991.11 As shown in eq 3, Arduengo obtained colorless crystals 
of diadamantylimidazolylidene by deprotonation of the corresponding imidazolium 
chloride with either sodium hydride or potassium tert-butoxide in 96% yield and proved 
that NHCs are, in principle, thermodynamically stable.  Since the pioneering work by 
Arduengo, NHCs as catalysts or ligands have revitalized the area of organocatalysis14 and 
organometallic catalysis.15 
While Schrock carbene–metal complexes are considered metal alkylidenes with a 
covalent double bond formally formed between a triplet carbene and a triplet metal (for 
example), the bonding of Fischer carbene–metal complexes is typically described as a 
donor-acceptor bond between a low valent metal and a carbene with at least one 
                                                
(14) For recent reviews on N-heterocyclic carbenes as catalysts in organic synthesis, see: (a) Enders, D.; 
Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606–5655. (b) Marion, N.; Díez-González, S.; Nolan, 
S. P. Angew. Chem., Int. Ed. 2007, 46, 2988–3000. (c) Nair, V.; Vellalath, S.; Babu, B. P. Chem. Soc. Rev., 
2008, 37, 2691–2698. 
(15) For recent reviews on achiral N-heterocyclic carbenes as ligands in metal-catalyzed processes, see: (a) 
Herrmann, W. A. Angew. Chem., Int. Ed. 2002, 41, 1290–1309. (b) Garrison, J. C.; Youngs, W. J. Chem. 
Rev. 2005, 105, 3978–4008. (c) Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. Angew. Chem., Int. Ed. 
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substituent containing a π donating group.  To form a stable Fischer carbene–metal 
complex, π-back-donation from a metal to a carbene is necessary;16 Fischer carbene 
complexes with early transition metals could not be synthesized due to the absence of 
filled d orbitals on the metal.   
In NHC–metal complexes, however, π back-donation by the metal is not crucial 
for the stability of the complexes.  Since NHCs possses enhanced stability because of the 
steric effect, as well a singlet character (by bond angle, inductive effect, and π effect, 
1.1.1), the bonding in NHC–metal complexes is dominated by σ-donation from the 
carbene to the metal with some π back-donation from the metal to the empty p orbital of 
the carbene (Figure 1.1.9).17  It is thus increased stability along with the electronic 
properties of NHCs that allowed for the synthesis of an NHC–Ti complex, which could 




Figure 1.1.9. NHC–Metal Complex 
The level of σ donation and π back-donation of NHC–metal complex can be 
predicted through theoretical studies.19  As shown in Figure 1.1.10, the σ donation ability 
                                                
(16) (a) Jacobsen, H.; Ziegler, T. Inorg. Chem. 1996, 35, 775–783. (b) Vyboishchikov, S. F.; Frenking, G. 
Chem. Eur. J. 1998, 4, 1428–1438. 
(17) Herrmann, W. A.; Köcher, C. Angew. Chem. Int. Ed. Engl. 1997, 36, 2162–2187. 
(18) (a) Herrmann, W. A.; Öfele, K.; Elison, M.; Kühn, F. E.; Roesky, P. W. J. Organomet. Chem. 1994, 
480, C7–C9. (b) Kuhn, N.; Kratz, T.; Bläser, D.; Boese, R. Inorg. Chim. Acta 1995, 238, 179–181. 
(19) (a) Boehme, C.; Frenking, G. Organometallics 1998, 17, 5801–5809. (b) Hu, X.; Castro-Rodriguez, I.; 
Olsen, K.; Meyer, K. Organometallics 2004, 23, 755–764. (c) Nemcsok, D.; Wichmann, K.; Frenking, G. 
Organometallics 2004, 23, 3640–3646. 
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(d) of NHC complexes with group 11 metals20 is quite strong compared to π back-
donation (b); the d/b ratios of NHC–Cu complexes are generally higher than those of 
Fischer carbene complexes (4.35-9.70 vs 1.11-2.36 in Fischer carbene complexes).16b In 
the NHC–Ag complex, π back-donation is particularly negligible (d/b ratio = 9.70).  The 
NHC–Au complex, however, shows some degree of π back-donation presumably due to 
the strong relativistic effect of gold compounds,21 yet still significantly less than exhibited 
with Fischer carbene complexes.  The trend of d/b ratio also explains the order of bond 
strength of NHC–metal complexes (Au > Cu > Ag; 88.6, 76.3, and 61.2 kcal/mol, 
respectively).  The effect of the strong σ-donation of NHCs is also found in the effect on 
atomic charges of complexed metals (NBO type).19a  In the free metal chloride salts, the 
charge of each metal is 0.71 for Cu, 0.74 for Ag, and 0.54 for Au.  But after complexation 
with NHCs, the charge of each metal decreases (0.54, 0.54, and 0.38, respectively) 







































Figure 1.1.10. DFT Calculations of NHC–Metal Complexes 
                                                
(20) For a review on the electronic feature of bonding between NHC and various transition metals, see: 
Jacobsen, H.; Correa, A.; Poater, A.; Costabile, C.; Cavallo, L. Coord. Chem. Rev. 2009, 253, 687–703. 
(21) Pyykkö, P. Chem. Rev. 1988, 88, 563–594.  
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For the bonding between a carbene and a metal, an NHC uses its lone pair for σ 
donation and its empty p orbital for π back-donation.  Then, which orbital of the 
transition metal participates in bonding with an NHC?  As shown in Table 1.1.1, cationic 
Cu, Ag, and Au have filled d orbitals and an empty s orbital (s0d10), however, the s orbital 
is partly filled by the chloride ion: the calculated electron population (0.31 in CuCl, 0.24 
in AgCl, 0.55 in AuCl).  After complexation with an NHC, due to the σ donation of the 
NHC, the electron population of the s orbitals of the metals is increased (0.66, 0.61, and 
0.95, respectively).  This increase in population implies that transition metals utilize their 
low lying s orbitals to gain electrons from the lone pair of the NHC, which also explains 
the elongation of the metal–chloride bond by competition between Cl and NHC to fill the 
empty s orbital of the metal.  For example, the bond length between copper and chlorine 
in NHC–CuCl is 2.077 Å (vs 2.064 Å in CuCl, Figure 1.1.10).  On the other hand, the 
electron populations of the dz2 orbitals of the metals were decreased from 1.90 in CuCl, 
1.96 in AgCl, and 1.86 in AuCl to 1.80, 1.84, and 1.73, respectively, thus, π back-
donation into the empty p orbital of the NHC involves the electrons in the dz2 orbital of 
the metal (Table 1.1). 
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We have discussed both the ground state carbene multiplicity (singlet vs triplet 
carbene) and electronic and steric effects, followed by the electronic properties and 
characteristics of NHC and NHC–metal complexes.  The remaining part of this chapter 
will discuss the methods for the preparation of mono- and bidentate chiral NHCs and 
their structural characteristics.  
1.2 Background 
Since the milestone work by Arduengo in 1991,11 a number of NHCs have been 
synthesized and applied to the area of organocatalysis14 and organometallic catalysis.15 
NHCs have been classified by structure, 22  by chelating patterns (mono-, bi-, or 
tridentate),23 and by coordinating metal species,24 or coordination site (conventional vs 
“abnormal”).25  In contrast to the efforts towards the development of a large variety of 
achiral NHCs, relatively few chiral NHCs have been developed and employed in 
enantioselective transformations.26   
                                                
(22) For a recent review on structural diversity of NHCs, see: Schuster, O.; Yang, L.; Raubenheimer, H. G.; 
Albrecht, M. Chem. Rev. 2009, 109, 3445–3478.  
(23) For a recent review, see: Corberán, R.; Mas-Marzá, E.; Peris, E. Eur. J. Inorg. Chem. 2009, 1700–
1716.  
(24) For reviews on NHC–Pd complexes, see: (a) ref 15c. (b) Marion, N.; Nolan, S. P. Acc. Chem. Res. 
2008, 41, 1440–1449. (c) Würtz, S.; Glorius, F. Acc. Chem. Res. 2008, 41, 1523–1533. For a review on 
NHC–Rh complexes, see: (d) Praetorius, J. M.; Crudden, C. M. Dalton Trans., 2008, 4079–4094. For 
reviews on NHC–Ag complexes, see: (e) ref15a. (f) Lin, I. J. B.; Vasam, C. S. Coord. Chem. Rev. 2007, 
251, 642–670. For a review on NHC–Ru complexes, see: (g) Despagnet-Ayoub, E.; Ritter, T. Top. 
Organomet. Chem. 2007, 21, 193–218. For a review on NHC–Au complexes, see: (h) Marion, N.; Nolan, 
S. P. Chem. Soc. Rev., 2008, 37, 1776–1782.  
(25) For reviews on abnormal NHCs, see: (a) Arnold, P. L.; Pearson, S. Coord. Chem. Rev. 2007, 251, 
596–609. (b) ref 21. For a report on isolation of abnormal NHC, see: (c) Aldeco-Perez, E.; Rosenthal, A. J.; 
Donnadieu, B.; Parameswaran, P.; Frenking, G.; Bertrand, G. Science, 2009, 326, 556–559. 
(26) For reviews on chiral NHCs in asymmetric catalysis, see: (a) Perry, M. C.; Burgess, K. Tetrahedron: 
Asymmetry, 2003, 14, 951–961. (b) César, V.; Bellemin-Laponnaz, S.; Gade, L. H. Chem. Soc. Rev., 2004, 
33, 619–636. (c) Roland, S.; Mangeney, P. Top. Organomet. Chem. 2005, 15, 191–229. (d) Douthwaite, R. 
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NHC ligands are frequently compared to phosphines due to the similarities in 
electronic properties, which is the reason that NHCs are considered alternative ligands for 
phosphines.  From a structural viewpoint, however, NHCs are distinct from phosphines 
as a ligand for transition metals: while phosphines have three substituents at the ligating 
atom and are generally cone-shape,27 NHCs are flat heterocycles, in which the ligation 
site is surrounded by the N-substituents.28  Due to this structural difference, the strategies 
used for the development of chiral phosphine ligands have been partially applied to the 
synthesis of chiral NHC ligands in addition to new strategies.  This chapter will lead to an 
overview of chiral NHCs based on their symmetry and the position of the chiral groups 
installed. 
1.2.1 C1-Symmetric Chiral N-heterocyclic Carbenes 
Structurally diverse C1-symmetric chiral NHCs can be synthesized through 
incorporation of stereocenters on the substituents of the nitrogen atoms.  As shown in 
Figure 1.2.1, the Burgess group employed an oxazoline group, which has been used as a 
structural motif in ligand synthesis due to its structural rigidity and facile accessibility 
from amino alcohols and carboxylic acid derivatives.29  The Ir-complex derived from 
imidazolium (a) in Figure 1.2.1 promoted the hydrogenation of (E)-alkenes with high 
                                                
E. Coord. Chem. Rev. 2007, 251, 702–717. (e) Gade, L. H.; Bellemin-Laponnaz, S. Coord. Chem. Rev. 
2007, 251, 718–725. (f) Gade, L. H.; Bellemin-Laponnaz Top. Organomet. Chem. 2007, 21, 117–157. 
(27) For review on Tolman angle of phosphine ligands, see: Tolman, C. A. Chem. Rev. 1977, 77, 313–348. 
(28) For reviews on the structural comparison between NHC and phosphine ligands, see: Jafarpour, L.; 
Nolan, S. P. Adv. Organomet. Chem. 2000, 46, 181–222. 
(29) For a recent review on oxazoline group in organometallic catalysis, see: Gómez, M.; Muller, G.; 
Rocamora, M. Coord. Chem. Rev. 1999, 193-195, 769–835. 
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enantioselectivities (up to 98.5:1.5 er).30  The Gade group has also developed similar 
oxazoline-bearing NHC ligands to promote Rh-catalyzed hydrosilylation of various 
arylketones with high enantiomeric purities (95:5->98:2 er), but in moderate 
enantioselectivities for alkylketones [(c), Figure 1.2.1].31  In 2003, Douthwaite and co-
workers reported various NHC–Pd and –Ir complexes linked with trans-
cyclohexyldiamine [(b), Figure 1.2.1].  The use of chiral cyclohexyldiamine allowed for 
facile modular synthesis of ligand libraries for allylic alkylations and hydrogenations of 
ketones, but resulting in low enantioinductions.32  Over 20 chiral imidazolinium salts 
were prepared by Mauduit in 2003.  Incorporation of readily available amino alcohols 
facilitated the synthesis of various ligands, which were used in screening for Cu-
catalyzed conjugate additions of Et2Zn and Grignard reagents to cyclic enones to generate 
tertiary and quaternary stereogenic centers with moderate enantioselectivities. 33  
Interestingly, almost all examples of chiral imidazolinium salts with the stereogenic 
centers on the N-substituent are bidentate ligands (Figure 1.2.1). 
                                                
(30) (a) Powell, M. T.; Hou, D.-R.; Perry, M. C.; Cui, X.; Burgess, K. J. Am. Chem. Soc. 2001, 123, 8878–
8879. (b) Perry, M. C.; Cui, X.; Powell, M. T.; Hou, D.-R.; Reibenspies, J. H.; Burgess, K. J. Am. Chem. 
Soc. 2003, 125, 113–123. 
(31) (a) Gade, L. H.; César, V.; Bellemin-Laponnaz, S. Angew. Chem. Int. Ed. 2004, 43, 1014–1017. (b) 
César, V.; Bellemin-Laponnaz, S.; Wadepohl, H. Gade, L. H. Chem. Eur. J. 2005, 11, 2862–2873. 
(32) (a) Bonnet, L. G.; Douthwaite, R. E. Organometallics 2003, 22, 4187–4189. (b) Hodgson, R.; 
Douthwaite, R. E. J. Organomet. Chem. 2005, 690, 5822–5831. 
(33) (a) Clavier, H.; Coutable, L.; Guillemin, J.-C.; Mauduit, M. Tetrahedron Asymmetry 2005, 16, 921–
924. (b) Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J.-C.; Mauduit, M. J. Organomet. Chem. 2005, 
690, 5237–5254. (c) Martin, D.; Kehrli, S.; d’Augustin, M.; Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. 
Chem. Soc. 2006, 128, 8416–8417. 






























Figure 1.2.1 C1-Symmetric Chiral NHCs with Chiral N-Substituents 
 The second class of C1-symmetric chiral NHCs has stereogenic centers located on 
the backbone of the heterocycle, such that the stereogenicity on the NHC backbone is 
transferred to the N-substituents through gearing effect.  This strategy was employed by 
Helmchen in 2004 towards the development of an enantioselective hydrogenation of α,β-
unsaturated esters [(a), Figure 1.2.2].  NHC–Rh complex derived from (a) is a hybrid of 
an NHC and a phosphine ligand resulting in bidentate chelations with the Rh center.34  
For enantioselective ring closing metathesis, the Collins group developed a monodentate 
Ru complex derived from (b), which was prepared from chiral di-t-butyl ethylenediamine 
in three steps in 30% overall yield.  The catalyst delivered efficient ring-closing, 















Figure 1.2.2 C1-Symmetric Chiral NHCs with Chiral Centers on the N-heterocycle 
                                                
(34) Bappert, E.; Helmchen, G. Synlett 2004, 1789–1793. 
(35) Fournier, P.-A.; Collins, S. K. Organometallics 2007, 26, 2945–2949. 
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  Another type of C1-symmetric chiral NHC ligand employs planar or axial 
stereogenicity.  As shown in Figure 1.2.3, Chung reported chiral imidazolium salts 
containing a ferrocenyl group (a), which were employed for Rh-catalyzed hydrogenation 
of arylketones to afford chiral alcohols in moderate enantioselectivities.36  Bolm and co-
workers developed various imidazolium salts using planar chiral cyclophanes, prepared 
from commercially available [2,2]-paracyclophane [6 steps, (b), Figure 1.2.3].  The 
corresponding Rh- and Ir-NHC complexes were tested for additions of phenylboronic 
acid to aldehydes and hydrogenation of olefins, respectively.37    
 Rajanbabu, and Shi introduced the concept of axial chirality into NHCs by 
mimicking chiral binaphthyl phosphine ligands.  Two imidazolium salts, linked with a 
chiral binaphthyl moiety, can be deprotonated and subsequently chelated with Pd, Ni, and 
































Figure 1.2.3 C1-Symmetric Chiral NHCs with Planar or Axial Chirality 
                                                
(36) Seo, H.; Kim, B. Y.; Lee, J. H.; Park, H.-J.; Son, S. U.; Chung, Y. K. Organometallics 2003, 22, 
4783–4791. 
(37) (a) Focken, T.; Rudolph, J.; Bolm, C. Synthesis 2005, 429–436. (b) Bolm, C.; Focken, T.; Raabe, G. 
Tetrahedron Asymmetry 2003, 14, 1733–1746. (c) Focken, T.; Raabe, G.; Bolm, C. Tetrahedron 
Asymmetry 2004, 15, 1693–1706. 
(38) (a) Clyne, D. S.; Jin, J.; Genest, E.; Gallucci, J. C.; RajanBabu, T. V. Org. Lett. 2000, 2, 1125–1128. 
(b) Duan, W.-L.; Shi, M.; Rong, G.-B. Chem. Commun. 2003, 2916–2917. (c) Chen, T.; Jiang, J.-J.; Xu, Q.; 
Shi, M. Org. Lett. 2007, 9, 865–868. 
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  Triazole type NHCs can be classified into NHCs containing chiral N-substituents.  
As shown in Figure 1.2.4, triazole type NHCs often contain a special structural feature: a 
fused bicyclic system.  Chiral triazolium salts have been developed by Enders, Leeper, 
and Rovis, followed by a slight modification by Bode,39 and have been exclusively 
employed for NHC-catalyzed organic transformations via Breslow type intermediates40 
such as the Benzoin,41 Benzoin-oxy Cope tandem reaction,42 Stetter reaction,43 Diels-






































Figure 1.2.4 C1-Symmetric Chiral Triazole NHC 
                                                
(39) For the syntheis of triazolium salts, see: Struble, J. R.; Kaeobamrung, J.; Bode, J. W. Org. Lett. 2008, 
10, 957–960. 
(40) Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719–3726. 
(41) (a) Enders, D.; Breuer, K. Helv. Chim. Acta 1996, 79, 1217–1221. (b) Knight, R. L.; Leeper, F. J. J. 
Chem. Soc., Perkin Trans. 1, 1998, 1891–1893. (c) Enders, D.; Kallfass, U. Angew. Chem., Int. Ed. 2002, 
41, 1743–1745. (d) Enders, D.; Niemeier, O.; Balensiefer, T. Angew. Chem., Int. Ed. 2006, 45, 1463–1467. 
(42) Chiang, P.-C.; Kaeobamrung, J.; Bode, J. W. J. Am. Chem. Soc. 2007, 129, 3520–3521. 
(43) For a review on enantioselective Stetter reaction, see: de Alaniz, J. R.; Rovis, T. Synlett 2009, 1189–
1207 and references cited therein. 
(44) (a) He, M.; Struble, J. R.; Bode, J. W. J. Am. Chem. Soc. 2006, 128, 8418–8420. (b) He, M.; Uc, G. J.; 
Bode, J. W. J. Am. Chem. Soc. 2006, 128, 15088–15089. (c) He, M.; Beahm, B. J.; Bode, J. W. Org. Lett. 
2008, 10, 3817–3820. 
(45) (a) Chan, A.; Scheidt, K. A. J. Am. Chem. Soc. 2008, 130, 2740–2741. (b) Rommel, M.; Fukuzumi, T.; 
Bode, J. W. J. Am. Chem. Soc. 2008, 130, 17266–17267. 
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1.2.2 C2-Symmetric Chiral N-heterocyclic Carbenes 
Tremendous efforts towards the development of NHC ligands have been devoted to 
the development of C2-symmetric NHCs containing chiral N-substituents.  Since 
Herrmann developed the first chiral imidazolium salt (a) for Rh-catalyzed hydrosilylation 
in 1996,46 there have been a number of reported modifications by Alexakis for Cu-
catalyzed conjugate additions,47 Maruoka for NHC-catalyzed acylations,48 Sato for Ni-
catalyzed tandem coupling reactions,49 and Kundig for Pd-catalyzed α-arylation (Figure 
1.2.5).50 Despite their efforts, many transformations with this class of chiral NHC–metal 
complex did not afford high enantioselectivity.  Hartwig and Glorious introduced 
stereogenicity on the N-substituent by use of commercially available (–)-
isopinocampheylamine and readily available bisoxazoline as chiral building blocks, 
respectively [(b) and (c), Figure 1.2.5].  The corresponding Pd complexes were applied to 
intramolecular α-arylation with moderate enantioselectivities.51   
                                                
(46) Herrmann, W. A.; Goossen, L. J.; Köcher, C. Artus, G. R. J. Angew. Chem., Int. Ed. Engl. 1996, 35, 
2805–2806.  
(47) (a) Guillen, F.; Winn, C. L.; Alexakis, A Tetrahedron Asymmetry. 2001, 12, 2083–2086. (b) Alexakis, 
A.; Winn, C. L.; Guillen, F.; Pytkowicz, J. Roland, S.; Mangeney, P. Adv. Synth. Catal. 2003, 345, 345–
348. (c) Winn, C. L.; Guillen, F.; Pytkowicz, J.; Roland, S.; Mangeney, P.; Alexakis, A. J. Organomet. 
Chem. 2005, 690, 5672–5695. 
(48) Kano, T.; Sasaki, K.; Maruoka, K. Org. Lett. 2005, 7, 1347–1349. 
(49) Sato, Y.; Hinata, Y.; Seki, R.; Oonishi, Y.; Saito, N. Org. Lett. 2007, 9, 5597–5599. 
(50) Jia, Y.-X.; Hillgren, J. M.; Watson, E. L.; Marsden, S. P.; Kündig, E. P. Chem. Commun., 2008, 4040–
4042. 
(51) (a) Lee, S.; Hartwig, J. F. J. Org. Chem. 2001, 66, 3402–3415. (b) Glorius, F.; Altenhoff, G.; Goddard, 
R.; Lehmann, C. Chem. Commun., 2002, 2704–2705. 















R= i-Pr, t-Bu, Bn
Glorious, 2002
(b) (c)(a)  
Figure 1.2.5 C2-Symmetric Chiral NHCs with Chiral N-Substituents 
 The other type of C2-Symmetric chiral NHC is classified as those that bear 
stereogenic centers on the N-heterocycle.  Hartwig,51a Roland and Alexakis, 52  and 
Herrmann53 utilized ligands with stereogenic centers at alkyl substituents on the backbone 
by employing chiral cyclohexyldiamine, di-t-butyl ethylenediamine, and bipiperidine 
towards enantioselective α-arylations, conjugate additions, and hydrosilylations, 
respectively [(a)-(c), Figure 1.2.6].  With chiral diphenyl ethylenediamine as a chiral 
building block, this gearing effect was further expanded.  As shown in (d) of Figure 1.2.6, 
Alexakis47 and Aoyama54 prepared simple alkyl substituted chiral imidazolinium salts for 
Cu-catalyzed conjugate addtions and Pd-catalyzed α-arylations respectively.  The most 
well developed class of NHC is imidazolinium salts with diaryl substituents on the 
nitrogens of the heterocycle [(e), Figure 1.2.6].  Since the first report from Grubbs on Ru-
catalyzed olefin metathesis in 2001,55 a variety of imidazolinium salts have been reported 
                                                
(52) (a) Rytkowicz, J.; Roland, S.; Mangeney, P. Tetrahedron Asymmetry. 2001, 12, 2087–2089. (b) ref 48. 
(53) Herrmann, W. A.; Baskakov, D.; Herdtweck, E.; Hoffmann, S. D.; Bunlaksananusorn, T.; Rampf, f. 
Rodefeld, L. Organometallics 2006, 25, 2449–2456. 
(54) Arao, T.; Kondo, K.; Aoyama, T. Tetrahedron Lett. 2006, 47, 1417–1420. 
(55) (a) Seiders, T. J.; Ward, D. W.; Grubbs, R. H. Org. Lett. 2001, 3, 3225–3228. For further development 
of NHC ligands for enantioselective Ru-catalyzed olefin metathesis by this research group, see: (b) Funk, 
T. W.; Berlin, J. M.; Grubbs, R. H. J. Am. Chem. Soc. 2006, 128, 1840–1846. (c) Berlin, J. M.; Goldberg, 
S. D.; Grubbs, R. H. Angew. Chem., Int. Ed. 2006, 45, 7591–7595. 
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by Sigman for Pd-catalyzed oxidative kinetic resoultions,56 Montgomery for Ni-catalyzed 
reductive couplings of aldehydes and alkynes,57 and Tomioka58 and Alexakis for Cu-
































Figure 1.2.6 C2-Symmetric Chiral NHCs with Chiral Center on the N-heterocycle 
Introduction of planar stereogenicity into the synthesis of C2-symmetric chiral 
NHCs was reported by Togni, Chung, and Andrus in 2002 and 2003.  As shown in (a) of 
Figure 1.2.7, Togni and Chung prepared imidazolium salts containing ferrocenyl 
phosphine moieties by mimicking Pigiphos.60  This type of imidazolium salt was applied 
to Pd-catalyzed hydroamination,61 and Rh-catalyzed hydrogenations.36  In 2003, Andrus 
and co-workers reported paracyclophane-containing C2-symmetric chiral imidazolinium 
salts which promoted Rh-catalyzed conjugate additions of arylboronic acids to α,β-
                                                
(56) Jensen, D. R.; Sigman, M. S. Org. Lett. 2003, 5, 63–65. 
(57) Chaulagain, M. R.; Sormunen, G. J.; Montgomery, J. J. Am. Chem. Soc. 2007, 129, 9568–9569. 
(58) Matsumoto, Y.; Yamada, K.-i.; Tomioka, K. J. Org. Chem. 2008, 73, 4578–4581. 
(59) Kehrli, S.; Martin, D.; Rix, D.; Mauduit, M.; Alexakis, A. Chem. Eur. J. 2010, 16, 9890–9904. 
(60) Barbaro, P.; Togni, A. Organometallics 1995, 14, 3570–3573. 
(61) (a) Gischig, S.; Togni, A. Eur. J. Inorg. Chem. 2005, 4745–4754. For the synthesis of chiral 
imidazolium salts, see: (b) Broggini, D.; Togni, A. Helv. Chim. Acta 2002, 85, 2518–2522. (c) Gischig, S.; 
Togni, A. Organometallics 2004, 23, 2479–2487. 
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unsaturated carbonyls 62  and Ru-catalyzed hydrosilylation of ketones in up to 99:1 














Figure 1.2.7 C2-Symmetric Chiral NHCs with Axial Stereogenicity 
Generally, NHCs are considered to have strong bond strength, enhanced thermal 
stability, improved stabilization in transition metal complexes, and ease of syntheses and 
modifications.  Thus, NHCs have successfully substituted phosphine ligands in various 
organic transformations.  In enantioselective catalysis, however, only a handful number 
of organic transformations were efficient, affording high enantioselectivities.   
Further efforts towards development of new chiral NHCs via novel synthetic 
approaches are required to increase efficient enantioinduction to transition metal centers.  
New NHCs should be not only alternatives for phospine ligands, but also find novel 
organic transformations, which could not be accomplished by phosphines and other 
ligand in asymmetric catalysis. 
                                                
(62) (a) Ma, Y.; Song, C.; Ma, C.; Sun, Z.; Chai, Q.; Andrus, M. B. Angew. Chem., Int. Ed. 2003, 42, 
5871–5874. (b) Song, C.; Ma, C.; Ma, Y.; Feng, W.; Ma, S.; Chai, Q.; Andrus, M. B. Tetrahedron Lett. 
2005, 46, 3241–3244. 
- 24 - 
1.2.3 Chiral N-heterocyclic Carbenes Developed in the Hoveyda Group 
Our research group has discovered and developed chiral bidentate NHCs of Ag 
I,63a,b Ag II63c and Ag III63d for Cu-catalyzed alkylation processes64 and Ru-catalyzed 
enantioselective olefin metathesis (with I and II)65 (Figure 1.2.1).  The chirality on NHC–
Ag complex I was installed through N-substituent containing a chiral binapthyl moiety.  
The other two bidentate NHC–Ag II and III complexes, on the other hand, introduce 
stereogenicity on the N-heterocycle by use of commercially available chiral diphenyl 
ethylenediamine.   
                                                
(63) (a) Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 
124, 4954–4955. (b) Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E.; Hoveyda, A. H. J. Am. 
Chem. Soc. 2004, 126, 11130–11131. (c) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2005, 127, 6877–6882. (d) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. 
H. Angew. Chem. Int. Ed. 2007, 46, 1097–1100. 
(64) For enantioselective conjugate additions, see: (a). Lee, K.-s.; Brown, M. K.; Hird, A. W.; Hoveyda, A. 
H. J. Am. Chem. Soc. 2006, 128, 7182–7184. (b) ref 63c. (c) May, T. L.; Brown, M. K. Hoveyda, A. H. 
Angew. Chem. Int. Ed. 2008, 47, 7358–7362. For enantioselective allylic alkylations, see: (d) ref 63a. (e) 
ref 21b. (f) Lee, Y.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 15604–15605. (g) Kacprzynski, M. A.; 
May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2007, 46, 4554–4558. (h) Lee, Y.; 
Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 446–447. (i) 
Lee, Y.; Li, B; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 11625–11633. (j) Akiyama, K.; Gao, F.; 
Hoveyda, A. H. Angew. Chem. Int. Ed. 2010, 49, 419–423. For enantioselective synthesis of diboronates, 
see: (i) Lee, Y.; Jang, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 18234–18235. 
(65) (a) ref 63a. (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. 
J. Am. Chem. Soc. 2003, 125, 12502–12508. (c) Gillingham, D. G.; Kataoka, O.; Garber, S. B.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2004, 126, 12288–12290 (d) Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 
2005, 127, 4510-4517. (e) ref 63c. (f) Cortez, G. A.; Baxter, C. A.; Schrock, R. R.; Hoveyda, A. H. Org. 
Lett. 2007, 9, 2871–2874. (g) Gillingham, D. G.; Hoveyda, A. H. Angew. Chem. Int. Ed. 2007, 46, 3860–
3864. (h) Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2007, 129, 3824–3825. (i) Brown, M. K.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 12904–12906. 




































Ag III  
Figure 1.2.8 Chiral Bidentate NHC–Ag Complexes 
For further development of Ru- and Cu-catalyzed protocols, we decided to 
electronically modify Ag III as well as prepare a number of chiral monodentate NHCs.  
We set out to evaluate the efficiency and selectivity of monodentate ligands in 
comparison to the bidentate NHCs. 
 
1.3 Synthesis of Electronically Modified Bidentate NHC–Ag 
Complexes 
As we found that Cu-complex of Ag III was more effective than that of Ag II in 
promoting enantioselective conjugate additions, 63c we set out to electronically modify the 
bidentate NHC to envision the correlations between electronic features of the NHC and 
their reactivity as well as enantioinduction.  As shown in Figure 1.3.1, electronical 
modifications of Ag III type NHCs that could be studied include changing the symmetric 
aryl moiety or incorporation of electron donating or withdrawing groups on the sulfonate-
- 26 - 
containing aryl group (Ag IV).  Another approach would be to change the preexisting 





















Ag IV Ag V  
Figure 1.3.1 Proposed Chiral Bidentate NHC–Ag Complexes 
For the synthesis of electronically modified sulfonate-containing NHC–Ag IV 
type complexes, we started with modifications of the symmetric aryl moiety.  As shown 
in Scheme 1.3.1, by changing the mesityl group on NHC–Ag III, we tried to synthesize 
NHCs with more electron donating N-substituents.  The palladium-catalyzed C–N cross 
coupling reaction66 between diphenyl ethylenediamine (1.1) and tri- or di-methoxyphenyl 
bromide (1.2 or 1.3) did not proceed under various conditions with Pd salts and bases. 









10 mol % Pd(OAc)2
20 mol % rac-binap
2 equiv NaOt-Bu







1.2 (R = OMe)




We then moved to installation of other electron-donating groups such as 1.5, 
replacing the two o-methoxy groups in 1.2 with two methyl groups.  As shown in Scheme 
1.3.2, Pd-catalyzed C–N cross coupling reaction with aryl bromide 1.5 proceeds to afford 
                                                
(66) (a) Wolfe, J. P.; Wagaw, S.; Marcoux, J. F.; Buchwald, S. L. Acc. Chem. Res. 1998, 31, 805–818. (b) 
Hartwig, J. F. Acc. Chem. Res. 1998, 31, 852–860. 
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diamine 1.6 in 75% yield, which is subsequently coupled with sulfonyl-containing aryl 
bromide 1.8, prepared from commercially available sulfonyl chloride 1.7, to deliver 
chiral diamine 1.9 in 70% yield.  After cyclization of diamine 1.9,67 chiral midazolinium 
salt 1.10 is obtained in a 48% yield and then converted into NHC–Ag complex VI in 86% 
yield. 
Scheme 1.3.2  Synthesis of NHC–Ag Complex VI  
H2N NH2
Ph Ph
1 mol % Pd(OAc)2 
4 mol % P(t-Bu)3 
2 equiv NaOt-Bu






6 mol % Pd2dba3 
18 mol % rac-binap 
2 equiv NaOt-Bu

















































An alternative approach to synthesize electron-rich version of NHC–Ag III is 
through modification of the sulfonate-containing aryl moiety:  introduction of a p-
methoxy group to the sulfonate may influence the electronic characteristics of the 
electron-withdrawing sulfonate group.  As shown in Scheme 1.3.3, aryl bromide 1.12, 
derived from commercially available sulfonyl chloride 1.11, is converted to diamine 1.14 
in 52% yield after Pd-catalyzed C–N cross coupling reaction with mono-mesityldiamine 
                                                
(67) For the improved synthetic method for the cyclization, see the Supporting Informations of ref 64c. 
- 28 - 
1.13.  NHC–Ag VII was obtained by cyclization of diamine 1.14, followed by 
deprotonation and complexation with Ag2O (Scheme 1.3.3). 











1 mol % Pd(OAc)2 








































6 mol % Pd2dba3 
18 mol % rac-binap 
2 equiv NaOt-Bu





For the modification of NHC–Ag III with electron-withdrawing groups, a 
trifluoromethyl group was introducted at the para-position to the sulfonate moiety.  As 
shown in Scheme 1.3.4, aryl bromide 1.17 is coupled with diamine 1.13 in presence of a 
Pd-catalyst to afford bis-arylated diamine 1.18, which is converted to imidazolinium salt 
1.19 after cyclization affording a ratio of 8.6:1 of atropisomers.  These atropisomers of 
the chiral imidazolinium salt 1.19 are separated by silica gel chromatography, followed 
by trituration. 
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 6 mol % Pd2(dba)3 
18 mol % rac-binap
2 equiv NaOt-Bu




































In the course of further developing electronically modified chiral bidentate NHC–
Ag complexes, we prepared carboxylate-containing NHC–Ag V.  As shown in Scheme 
1.3.5, sequential Pd-catalyzed cross coupling reactions afford diamine 1.22a, which is 
cyclized to imidazolinium tetrafluoroborate 1.23a in quantitative yield.  After removal of 
the t-butyl group, followed by complexation, NHC–Ag V is obtained in 63% of overall 
yield over five steps from commercially available bromobenzoic acid 1.20a.  The 
corresponding Zn-complex was subsequently applied to enantioselective allylic 
alkylations and was postulated to have a different chelation pattern than the 
corresponding Zn complex derived from NHC–Ag III. 64i  
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Scheme 1.3.5  Synthesis of NHC–Ag Complex V  
 5 mol % Pd(OAc)2 









1.5 equiv NH4BF4 
CH(OEt)3,110 °C, >98%







































The same sequence was applied to the synthesis of a more electron deficient 
version of NHC–Ag V.  As shown in Scheme 1.3.6, NHC–Ag IX is prepared from 
commercially available nitrobenzoic acid 1.20b through esterification, Pd-catalyzed cross 
coupling, cyclization, deprotection, and Ag-complexation.  In this case, however, an 
inseparable mixture of atropisomers (7:3) is isolated after cyclization of diamine 1.22b. 
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Scheme 1.3.6  Synthesis of NHC–Ag Complex IX  
 5 mol % Pd(OAc)2 









1.5 equiv NH4BF4 
CH(OEt)3,110 °C, 96%









































(7:3) atropisomer(7:3) atropisomer(7:3) atropisomer
 
1.4 Development of Chiral Monodentate NHC Complexes 
In our research laboratory, we have developed a series of chiral bidentate NHC 
ligands for a variety of enantioselective transformations.  Due to the intrinsic difference 
between monodentate and bidentate ligands in regards to a mechanistic pathway,68 we 
decided to expand the range of chiral NHCs through the synthesis of chiral monodentate 
NHCs, which can be readily prepared and more easily modified than bidentate NHCs. 
Chiral imidazolinium salts, precursors to chiral monodentate NHCs, can be 
prepared by sequential Pd-catalyzed C–N cross coupling reactions, followed by 
cyclization of bisarylated diamines.  For example, commercially available optically pure 
diphenylethylenediamine 1.1 is coupled with readily available biphenyl bromide 1.2569 
                                                
(68) For the discussion about mechanistic difference between monodentate and bidentate ligand in Ru-
catalyzed olefin metathesis, see ref 65h and references cited therein. 
(69) For the synthesis of various biphenyl halides, see Synth. Comm. 2001, 31, 3839–3845. 
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and mesityl bromide to afford diamine 1.27, which can be cyclized in the presence of 
NH4BF4 and triethylorthoformate to afford imidazolinium salt 1.28 (Scheme 1.4.1).   













10 mol % Pd(OAc)2 







10 mol % Pd(OAc)2 
20 mol % (rac)-binap
1.1 equiv Mes-Br
2 equiv NaOt-Bu








Based on the representative procedure, various C1-symmetric chiral 
imidazolinium salts were prepared (Figure 1.4.1).  In order to compare the reactivity and 
selectivity of the new chiral monodentate NHCs to NHC–Ag II in enantioselective 
transformations, the structural backbone was kept similar: imidazolinium salt 1.33 is a 
sterically equivalent ligand to that of NHC–Ag II without a hydroxy group.  We began 
with the structural modifications to the mesityl group: changing the substitution pattern 
from the ortho- to the para-position of the phenyl group such as imidazolinium salt 1.29-
1.32, as well as sterically increasing the ortho-substituents to ethyl and isopropyl groups 
as in 1.33-1.35.   
A second approach for modifications of C1-symmetric chiral imidazolinium salts 
involves steric alterations to the biphenyl group of 1.33 while keeping the mesityl group.  
As shown in Figure 1.4.1, imidazolinium salt 1.36 and 1.37 are prepared in addition to 
1.28 to examine the effect of increasing the steric bulk from a methyl to a tert-butyl 
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group at the meta-position of the biphenyl group, expecting alteration of the dihedral 
angle due to the steric repulsion between the alkyl group on the biphenyl group and the 
phenyl group on the N-heterocycle.  In the course of the synthesis of meta-isopropyl and 
meta-t-butyl substituted imidazolinium salts, atropisomers were obtained, which are 
partially separable by silica gel chromatography.  The ratio of atropisomers for 1.36 and 
1.37 were 7.4:1 and 16:1, respectively.  Similar modifications were applied to the 
synthesis of imidazolinium salts 1.38-1.40, bearing 2,6-diethylphenyl group with 9:1 
(1.39) and 19:1 ratio (1.40) of atropisomers, which were also partially separated by 
chromatography.  Imidazolinium salts 1.41 and 1.42 (17:1 and 10:1 ratio of atropisomers, 
respectively) bearing ortho-substitution on the biphenyl group or with extended steric 
bulk such as with a naphthyl group were prepared. 








































































1.41 1.42  
Figure 1.4.1 C1-symmetric Imidazolinium Salts 
Next, we turned to electronic and steric modifications of the terminal phenyl 
moiety of the biphenyl group in 1.33.  As shown in Figure 1.4.2, imidazolinium salts 
1.43, 1.45 and 1.47 are prepared with changing steric bulk on the terminal phenyl: 
cyclohexyl, 3,5-di-tert-butyl phenyl, and mesityl groups, respectively, along with the 
diethylphenyl versions, imidazolinium salts 1.44 and 1.46.  Imidazolinium salts 1.48–
1.50 were specifically designed and synthesized as protected analogs of our bidentate 
ligands to serve as a direct comparison to bidentate NHC–Ag complexes II and III.  














































Figure 1.4.2 Non-C2-symmetric Imidazolinium Salts 
In addition to C1-symmetric chiral monodentate imidazolinium salts, various C2-
symmetric variants were synthesized (Figure 1.4.3).  We hypothesized that increasing 
steric at the terminal phenyl moiety may alter a dihedral angle of the dissymmetric aryl 
unit.  Thus, cyclohexyl substituted C2-symmetric imidazolinium salt 1.52 was synthesized 
as well as biphenyl substituted imidazolinium salts 1.53–1.55 with variations of the alkyl 




























Figure 1.4.3 C2-symmetric Imidazolinium Salts 
 As illustrated in Scheme 1.4.2, chiral NHC–Ag complex X was prepared from 
imidazolinium salt 1.33 in quantitative yield.  Several points regarding the X-ray crystal 
structures of both imidazolinium salt 1.33 and Ag complex X are noteworthy: (1) The 
bond angle of N–C1–N in imidazolinium salt 1.33 is 114.14º, but after complexation with 
Ag, the angle is decreased to 107.2º.  (2) The bond length of C1–N in the corresponding 
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Ag complex X is elongated to 1.336 and 1.339 Å from 1.301 and 1.304 Å in the 
imidazolinium salt 1.33 while the other bond lengths in the heterocycle remaining 
unchanged. (3) The dihedral angles of C1–N–C2–C3 and C1–N–C2–C4 were dramatically 
changed: 122.16º and 58.78º in imidazolinium salt 1.33 vs 81.12º and 100.44º in Ag 
complex X.  The dihedral angles of C1–N–C5–C6 and C1–N–C5–C7, however, remain 
relatively unchanged (55.92º and 126.26º in the imidazolinium salt 1.33 vs 59.50º and 
123.76º in Ag complex X), suggesting that the dihedral angle of dissymmetric aryl group 
in various chiral midazolinium salts may be comparable to the dihedral angles of the 
corresponding transition metal complexes. 
Scheme 1.4.2  Synthesis and X-Ray Structure of NHC–Ag Complex X 
 
As depicted in Figure 1.4.4, crystal structures of chiral imidazolinium salt 1.40 
and 1.51 were obtained.  The cone angles of N1–C1–N2 in both salts are similar to that in 
imidazolinium salt 1.33 (113.8º and 115.1º, respectively) as well as C1–N bond lengths 
- 37 - 
(1.304-1.309 Å).  Comparison of the X-ray crystal structure of 1.51 to that of 1.33 reveals 
a much smaller dihedral angle of C1–N–C5–C6 (47.50º and 42.57º) in the C2-symmetric 
1.51 versus that of C1-symmetric imidazolinium salt 1.33 (55.92º).  This difference in 
dehedral angle of the dissymmetric aryl group, despite being the same biphenyl moiety, 
demonstrates the notion that all four aryl groups (the two N-substituents and the two 
phenyl groups on heterocycle backbone) are sterically correlated with each other.  In 
other words, the N-substituted symmetric and dissymmetric aryl groups are 
communicating with each other through the two phenyl groups on backbone (it is also 
possible that the difference is just a result of packing energies of crystals).  Furthermore, 
in the X-ray structure of the meta-t-butyl group containing imidazolinium salt 1.40, the 
dihedral angle of C9–N–C5–C7 is 51.66º (vs 55.99º in imidazolinium salt 1.33).  This 
conformational difference implies the presence of steric repulsion between the t-butyl 
group and the phenyl group of the backbone.  In addition, this steric repulsion also alters 
the distance from C1 to C8: 3.899 Å in imidazolinium salt 1.33 to 3.808 Å in 
imidazolinium salt 1.40.  
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Figure 1.4.4 X-ray Structures of Imidazolinium Salts 
  In conclusion, we have developed a variety of electronically modified chiral 
bidentate imidazolinium salts and the corresponding NHC–Ag complexes V–IX.  We 
have further expanded the range of NHC precursors: twenty-eight different monodentate 
chiral imidazolinium salts were prepared and characterized.  These mono- and bidentate 
chiral imidazolinium salts were applied to various enantioselective catalytic 
transformations, which will be disscussed in following chapters. 
1.5 Experimentals  
General.  Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, nmax in cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 
MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm). 
Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter.  High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility at Boston College.  Unless 
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otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 °C) and flame-dried glassware with standard dry 
box or vacuum-line techniques.  Solvents were purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: toluene and benzene 
were purified through a copper oxide and alumina column; CH2Cl2 and Et2O were purged 
with argon and purified by passage through two alumina columns.  Tetrahydrofuran (thf) 
was purified by distillation from sodium benzophenone ketyl immediately prior to use.  
All work-up and purification procedures were carried out in air with reagent grade of 
solvents, which were purchased from Doe and Ingalls.   
Reagents and Catalysts: 
Acetic acid was purchased from Fisher and used as received. 
Ammonium tetrafluoroborate was purchased from Strem Inc. and used as received. 
rac-2,2’-bis(diphenylphosphino)-1,1’-binapthyl (rac-binap) was purchased from 
Aldrich and used as received. 
2-Bromobenzenesulfonyl chloride was purchased from Lancaster and purified by 
washing a benzene solution of the sulfonyl chloride with a 1.0 M aq solution of KOH. 
2-Bromomesitylene was purchased from Aldrich and used as received. 
i-Butanol was purchased from Aldrich and used as received. 
Cesium carbonate was purchased from Aldrich and used as received. 
Chloroform was purchased from Aldrich and used as received. 
Dicyclohexylcarbodiimide was purchased from Advanced Chem Tech and used as 
received. 
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4-Dimethylaminopyridine (DMAP) was purchased from Advanced Chem Tech and 
used as received. 
(–)-(S,S)-Diphenylethylenediamine (99% purity) was purchased from Astatech Inc. and 
used as received 
Formaldehyde (37% aqueous solution) was purchased from Aldrich and used as 
received. 
Palladium (II) acetate was purchased from Aldrich and used as received. 
Pyridine was purchased from Aldrich and purified by distillation over KOH before use. 
Silver (I) oxide was prepared as follows.  An aqueous solution of sodium hydroxide (20 
mL, 2M, 40 mmol) was added to a solution of AgNO3 (1.7 g, 10 mmol) in H2O (10 mL).  
A brown precipitate formed immediately, which was isolated by vacuum filtration.  The 
solid was washed with 250 mL H2O, 250 mL EtOH, and 250 mL acetone and repeated.  
The brown solid was dried overnight under vacuum (~0.5 mm Hg) over P2O5. 
Sodium tert-butoxide (98%) was purchased from Strem Inc. and used as received. 
Tri-tert-butylphosphine was purchased from Strem Inc. and used as received. 
Tri-n-butyltin hydride was purchased from Aldrich and used as received. 
Triethyl orthoformate was purchased from Aldrich and freshly distilled over Na. 
Trifluoromethanesulphonic acid was purchased from Aldrich and used as received. 
Tris(dibenzylideneacetone)dipalladium was purchased from Aldrich and used as 
received. 
 
  Experimental  
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  Representative procedure for the synthesis of chiral bidentate imidazolinium salts 
Imidazolinium salt 1.23a (100 mg, 0.177 mmol), trifluoroacetic acid (0.5 mL), 
and CH2Cl2 (1.5 mL) were added into a 100 mL round bottom flask.  The solution was 
allowed to stir for 12 h.  After this time, the reaction was quenched through the addition 
of a saturated aqueous solution of NaHCO3 at 0 °C until pH is 8-9.  The mixture was 
acidified with an aqueous solution of 6 N HCl until pH is less than 4 and washed with 
CH2Cl2 (3x5 mL).  The combined organic layers were dried over MgSO4, filtered and 
concentrated to yield 85.0 mg (0.171 mmol, 96% yield) of 1.24a as a white solid. 
 
1.23a. IR (neat): 3066 (w), 2979 (w), 2930 (w), 1700 (m), 1619 (s), 1597 (m), 1578 (m), 
1484 (w), 1456 (w), 1394 (m), 1369 (m), 1303 (m), 1142 (m), 1052 (s), 1032 (s), 756 (s), 
730 (s), 698 (s) cm–1; 1H NMR (400 MHz, CDCl3): δ 8.22 (1H, s), 7.87 (1H, dd, J = 8.0, 
1.6 Hz), 7.67 (1H, d, J = 8.0 Hz), 7.49-7.41 (3H, m), 7.38-7.36 (2H, m), 7.31-7.22 (7H, 
m), 6.83 (1H, s), 6.61 (1H, s), 6.12 (1H, d, J = 11.2 Hz), 5.58 (1H, d, J = 11.2 Hz), 2.58 
(3H, s), 2.10 (3H, s), 1.97 (3H, s), 1.59 (9H, s); 13C NMR (100 MHz, CDCl3): δ 164.8, 
158.3, 140.2, 136.3, 135.3, 134.5, 134.3, 134.3, 132.0, 131.9, 130.9, 130.5, 130.4, 130.2, 
130.0, 129.7, 129.7, 129.2, 128.9, 128.6, 127.3, 83.3, 76.0, 74.7, 28.3, 21.0, 18.7, 18.1; 
HRMS (ES+): Calcd for C35H37N2O2: 517.2855, Found: 517.2849; Optical Rotation: [α]D20 
–238.9 (c = 1.00, CHCl3). 
 
1.24a. IR (neat): 3035 (w), 1703 (m), 1685 (m), 1618 (s), 1596 (s), 1485 (w), 1455 (w), 
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1263 (m), 1220 (m), 1180 (s), 1128 (s), 1093 (m), 731(s), 716 (s), 698 (s) cm–1; 1H NMR 
(400 MHz, THF-d8): δ 8.91 (1H, s), 7.93 (1H, dd, J = 7.6, 2.0 Hz), 7.69-7.63 (4H, m), 
7.37-7.24 (9H, m), 6.93 (1H, s), 6.74 (1H, s), 6.40 (1H, d, J = 10.8 Hz), 5.65 (1H, d, J = 
11.2 Hz), 2.64 (3H, s), 2.18 (3H, s), 2.05 (3H, s); 13C NMR (100 MHz, THF-d8): δ 167.9, 
160.8, 140.4, 138.5, 137.0, 137.8, 134.4, 132.7, 132.5, 131.2, 131.0, 130.7, 130.6, 130.4, 
130.2, 129.8, 129.7, 129.2, 127.8, 77.0, 75.3, 21.0, 19.1, 18.9; HRMS (ES+): Calcd for 
C31H29N2O2 [M+H]: 461.2229, Found: 461.2220; Optical Rotation: [α]D20 –210.5 (c = 
1.00, CHCl3). 
 
Ag VI IR (neat): 1602 (m), 1477 (s), 1455 (s), 1227 (s), 1193 (s), 904 (s) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 8.26-8.22 (1H, m), 7.47-6.96 (11H, m), 6.82 (1H, t, J = 7.2 Hz), 
6.62-6.50 (2H, m), 6.39-6.34 (1H, m), 6.07 (1H, bs), 5.14 (1H, d, J = 6.8 Hz), 3.76 (3H, 
s), 2.45 (3H, s), 1.42 (3H, s). 13C NMR (100 MHz, CDCl3): δ 206.0 (Ccarbene, J109Ag = 
186.5, J107Ag = 172.8 Hz), 157.9, 143.5, 140.4, 138.6, 135.9, 135.8, 135.2, 131.2, 130.6, 
130.1, 129.8, 129.6, 129.2, 129.1, 129.0, 128.8, 128.7, 128.5, 128.3, 114.1, 113.2, 74.0, 
55.3, 19.4. 205.6  
 
  Representative procedure for the synthesis of the chiral monodentate 
imidazolinium salt:   
A flame-dried, round-bottom flask equipped with a reflux condenser was charged 
with Pd(OAc)2 (116 mg, 0.518 mmol), rac-binap (645 mg, 1.04 mmol), NaOt-Bu (996 
mg, 10.4 mmol), 2-bromo-4-methylbiphenyl (1.25), (1.28 g, 5.18 mmol), and (S,S)-1,2-
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diphenyl ethylenediamine (1.65 g, 7.77 mmol) under a dry N2 atmosphere. Toluene (100 
mL) was added to the mixture. After 10 hours at 100 °C, the solution was allowed to cool 
to 22 °C, passed through a plug of Celite, concentrated, and purified by silica gel 
chromatography (hexanes/EtOAc:1/1) to afford 1.69 g (4.47 mmol, 86.3% yield) of 
diamine 1.26 as a light yellow oil. Diamine 1.26 was added to a flame-dried, round-
bottom flask charged with Pd(OAc)2 (100 mg, 0.447 mmol), rac-binap (556 mg, 0.894 
mmol), NaOt-Bu (859 mg, 8.94 mmol), mesityl bromide (890 mg, 4.47 mmol). Toluene 
(100 mL) was added to the mixture. After 12 hours at 110 °C, the solution was allowed to 
cool to 22 °C and passed through a plug of Celite, concentrated, and purified by silica gel 
column chromatography (hexanes/Et2O:20/1) to afford 1.95 g (3.93 mmol, 87.8% yield) 
of the corresponding diamine 1.27 as a light yellow solid. IR (neat): 3058 (m), 3024 (m), 
2918 (m), 2875 (m), 1636 (s), 1484 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.61 (2H, d, 
J = 7.2 Hz), 7.51 (2H, t, J = 8.0 Hz), 7.41 (1H, t, J = 7.2 Hz), 7.33-7.12 (9H, m), 6.96 
(2H, d, J = 6.4 Hz), 6.70 (2H, s), 6.68 (1H, s), 6.45 (1H, s), 5.68 (1H, d, J = 3.6 Hz), 4.90 
(1H, dd, J = 7.6, 3.6 Hz), 4.43 (1H, t, J = 7.6 Hz), 3.51 (1H, d, J = 10.4 Hz), 2.29 (3H, s), 
2.21 (3H, s), 1.99 (6H, s). 13C NMR (100 MHz, CDCl3): δ 144.4, 141.2, 141.1, 140.6, 
139.7, 138.3, 130.8, 130.1, 129.7, 129.7, 128.9, 128.9, 128.3, 128.1, 128.0, 127.7, 127.4, 
127.2, 127.1, 126.3, 118.2, 112.9, 67.0, 62.9, 21.8, 20.5, 19.1; HRMS Calcd for C36H37N2 
[M+H] (ESI+): 497.2957, Found: 497.2955. Optical rotation: [α]D20 +1.0 (c 0.40, CHCl3). 
A flame-dried, round-bottom flask equipped with short path distillation set was 
charged with diamine 1.27 (815 mg, 1.64 mmol), HC(OEt)3 (10 mL), and NH4BF4 (258 
mg, 2.46 mmol). After 3 hours at 115 °C, the solution was allowed to cool to 22 °C, 
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concentrated, and purified by silica gel column chromatography (hexanes/EtOAc:1/3) to 
afford 970 mg (1.63 mmol, 99.4% yield) of the corresponding imidazolinium salt 1.28, 
which was triturated (hexane/CH2Cl2) to a white solid. IR (neat): 3061 (s), 3034 (s), 2924 
(m), 1624 (s), 1485 (s), 1456 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.72 (1H, s), 7.68-
7.65 (4H, m), 7.45-7.43 (2H, m), 7.39-7.23 (6H, m), 7.18-7.11 (4H, m), 6.90 (1H, s), 6.67 
(1H, s), 6.60 (2H, d, J = 8.0 Hz), 5.41 (1H, d, J = 9.6 Hz), 5.25 (1H, d, J = 10.0 Hz), 2.54 
(3H, s), 2.36 (3H, s), 2.18 (3H, s), 1.81 (3H, s). 13C NMR (100 MHz, CDCl3): δ 157.6, 
140.6, 140.3, 138.9, 135.2, 135.1, 134.7, 134.7, 131.9, 131.3, 130.9, 130.9, 130.6, 130.5, 
130.2, 129.9, 129.8, 129.7, 129.4, 129.1, 128.8, 128.6, 127.9, 75.3, 72.5, 21.1, 20.8, 18.8, 
18.1; HRMS Calcd for C37H35N2 [M-BF4] (ES+): 507.2800, Found: 507.2808. Optical 
rotation: [α]D20 –339.2 (c 1.00, CHCl3).  
 
1.29. IR (neat): 3065 (s), 1618 (s), 1592 (S), 1498 (s), 1486 (s), 1457 (s), 1437 (s) cm-1; 
1H NMR (400 MHz, CDCl3): δ 9.07 (1H, s), 7.52-7.43 (5H, m), 7.40-7.34 (3H, m), 7.31-
7.18 (11H, m), 7.15-7.09 (3H, m), 6.94 (2H, dd, J = 7.6, 1.6 Hz), 5.72 (1H, d, J = 9.2 
Hz), 4.61 (1H, d, J = 9.2 Hz). 13C NMR (100 MHz, CDCl3): δ 155.4, 137.7, 137.6, 134.3, 
133.6, 131.7, 131.2, 130.2, 130.1, 129.9, 129.7, 129.6, 129.6, 129.4, 129.2, 129.1, 128.5, 
128.3, 128.3, 128.1, 127.0, 121.4, 75.7, 73.9; HRMS Calcd for C33H27N2 [M-BF4] (ES+): 
451.2174, Found: 451.2173. Optical rotation: [α]D20 –307.4 (c 1.31, CHCl3).  
 
1.30 IR (neat): 3065 (s), 2965 (s), 2905 (m), 2870 (m), 1621 (s), 1457 (s) cm-1; 1H NMR 
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(400 MHz, CDCl3): δ 9.18 (1H, s), 7.49-7.35 (6H, m), 7.32-7.18 (13H, m), 7.10-7.07 
(2H, m), 6.96 (2H, dd, J = 8.0, 1.2 Hz ), 5.66 (1H, d, J = 8.4 Hz), 4.62 (1H, d, J = 8.8 
Hz), 1.19 (9H, s). 13C NMR (100 MHz, CDCl3): δ 155.0, 151.6, 137.7, 134.9, 133.8, 
131.7, 131.7, 131.3, 130.3, 130.1, 129.8, 129.7, 129.3, 129.3, 129.0, 128.5, 128.2, 127.9, 
127.0, 126.8, 120.6, 75.8, 73.9, 34.6, 31.1; HRMS Calcd for C37H35N2 [M+-BF4] (ES+): 
507.2800, Found: 507.2784. Optical rotation: [α]D20 –253.8° (c 1.76, CHCl3). 
 
1.31. IR (neat): 3062 (s), 2966 (s), 1618 (s), 1592 (s), 1458 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 9.26 (1H, s), 7.53 (1H, dd, J = 8.0, 1.2 Hz), 7.48-7.45 (2H, m), 7.41 (3H, d, J = 
6.8 Hz), 7.35-7.23 (9H, m), 7.13-7.10 (2H, m), 6.96-6.91 (5H, m), 5.62 (1H, d, J = 8.4 
Hz), 4.66 (1H, d, J = 8.8 Hz), 2.54 (4H, q, J = 7.6 Hz), 1.11 (6H, t, J = 7.6 Hz). 13C NMR 
(100 MHz, CDCl3): δ 155.3, 146.6, 137.9, 137.7, 135.0, 134.2, 134.0, 131.8, 131.3, 
130.4, 130.2, 129.8, 129.8, 129.7, 129.5, 129.4, 129.1, 128.6, 128.4, 128.0, 127.0, 118.0, 
75.8, 74.2, 28.7, 15.2; HRMS Calcd for C37H35N2 [M-BF4] (ES+): 507.2800, Found: 
507.2814. Optical rotation: [α]D20 –292.2 (c 1.00, CHCl3). 
 
1.32. IR (neat): 3066 (m), 2963 (s), 2871 (m), 1619 (s), 1586 (s), 1458 (s) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 9.23 (1H, s), 7.60-7.58 (1H, m), 7.53-7.41 (5H, m), 7.38-7.24 
(10H, m), 7.18-7.16 (2H, m), 7.02 (2H, d, J = 1.6 Hz), 6.95 (2H, dd, J = 8.0, 1.6 Hz), 
5.58 (1H, d, J = 9.2 Hz), 4.76 (1H, d, J = 8.8 Hz), 1.20 (18H, s). 13C NMR (100 MHz, 
CDCl3): δ 155.3, 153.2, 138.1, 137.8, 135.2, 133.9, 133.9, 131.8, 131.3, 130.4, 130.2, 
129.9, 129.8, 129.7, 129.6, 129.4, 129.3, 128.6, 128.2, 127.3, 122.7, 115.9, 75.9, 74.7, 
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35.2, 31.2; HRMS Calcd for C41H43N2 [M-BF4] (ES+): 563.3426, Found: 563.3411. 
Optical rotation: [α]D20 –221.0 (c 1.00, CHCl3). 
 
1.33. IR (neat): 3064 (s), 2922 (m), 1620 (s), 1480 (s), 1456 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 8.72 (1H, s), 7.77-7.75 (1H, m), 7.68-7.66 (3H, m), 7.50-7.47 (2H, m), 7.38-
7.23 (9H, m), 7.15 (2H, t, J = 7.6 Hz), 6.89 (1H, s), 6.66 (1H, s), 6.58 (2H, d, J = 7.2 Hz), 
5.42 (1H, d, J = 10.0 Hz), 5.27 (1H, d, J = 9.6 Hz), 2.53 (3H, s), 2.17 (3H, s), 1.80 (3H, 
s). 13C NMR (100 MHz, CDCl3): δ 157.5, 140.3, 138.7, 138.0, 135.3, 134.9, 134.4, 131.7, 
131.5, 131.2, 130.5, 130.2, 130.1, 129.9, 129.8, 129.8, 129.6, 129.5, 129.2, 129.1, 128.8, 
128.7, 128.5, 127.9, 75.2, 72.6, 21.0, 18.8, 18.0; HRMS Calcd for C36H33N2 [M-BF4] 
(ES+): 493.2644, Found: 493.2652. Optical rotation: [α]D20 –338.0 (c 1.00, CHCl3). 
 
1.34. IR (neat): 3063 (s), 2974 (s), 2936 (m), 2879 (m), 1618 (s), 1584 (s), 1457 (s) cm-1; 
1H NMR (400 MHz, CDCl3): δ 8.87 (1H, s), 7.82 (1H, d, J = 7.6 Hz), 7.70-7.67 (3H, m), 
7.52-7.19 (12H, m), 7.12 (3H, t, J = 7.6 Hz), 6.95 (1H, d, J = 6.4 Hz), 6.50 (2H, d, J = 7.6 
Hz), 5.38 (1H, d, J = 9.6 Hz), 5.32 (1H, d, J = 10.0 Hz), 3.09 (1H, dq, J = 15.2, 7.6 Hz), 
2.76 (1H, dq, J = 15.2, 7.6 Hz), 2.35 (1H, dq, J = 15.2, 7.6 Hz), 1.92 (1H, dq, J = 15.2, 
7.6 Hz), 1.45 (3H, t, J = 7.6 Hz), 0.89 (3H, t, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 
157.8, 141.7, 141.0, 138.9, 138.1, 134.6, 131.4, 131.4, 131.2, 130.8, 130.5, 130.4, 129.9, 
129.9, 129.8, 129.7, 129.6, 129.3, 129.1, 128.9, 128.8, 127.9, 127.1, 126.8, 76.1, 72.4, 
24.3, 23.6, 14.7, 14.5; HRMS Calcd for C37H35N2 [M-BF4] (ES+): 507.2800, Found: 
507.2798. Optical rotation: [α]D20 –278.5 (c 1.00, CHCl3). 
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1.35. IR (neat): 3061 (m), 2964 (s), 2930 (m), 2871 (m), 1617 (s), 1457 (s) cm-1; NMR 
spectrum includes a small amount of inseparable impurity. 1H NMR (400 MHz, CDCl3): 
δ 8.97 (1H, s), 7.79-7.63 (4H, m), 7.51 (2H, dd, J = 8.0, 1.2 Hz), 7.45-7.31 (5H, m), 7.29-
7.24 (4H, m), 7.13-7.08 (3H, m), 6.77 (1H, d, J = 2.0 Hz), 6.36 (2H, d, J = 7.6 Hz), 5.29 
(1H, d, J = 9.6 Hz), 5.23 (1H, d, J = 9.6 Hz), 3.22 (1H, sep, J = 6.8 Hz), 2.82 (1H, sep, J 
= 6.8 Hz), 2.42 (1H, sep, J = 6.8 Hz), 1.53 (3H, d, J = 6.8 Hz), 1.38 (3H, d, J = 6.8 Hz), 
1.19 (9H, dd, J = 6.8, 2.4 Hz), 0.39 (3H, d, J = 6.4 Hz). 13C NMR (100 MHz, CDCl3): δ 
157.8, 151.9, 146.4, 145.9, 139.1, 138.3, 134.8, 131.6, 131.1, 131.1, 130.5, 130.4, 130.4, 
130.3, 130.0, 129.7, 129.3, 129.2, 128.9, 128.7, 127.7, 125.3, 123.3, 122.6, 77.5, 72.6, 
34.2, 29.5, 28.9, 26.0, 25.1, 24.7, 23.9, 23.8, 22.5; HRMS Calcd for C42H45N2 [M-BF4] 
(ES+): 577.3583, Found: 577.3603. Optical rotation: [α]D20 –242.2 (c 1.00, CHCl3). 
 
1.36. A mixture of 7.4:1 atropisomers was obtained. NMR spectrum includes only major 
atropisomer, which was separated by silica gel column chromatography from minor 
atropisomer. IR (neat): 3064 (s), 2963 (s), 2928 (s), 2872 (m), 1618 (s), 1561 (s), 1457 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 8.68 (1H, s), 7.67-7.63 (3H, m), 7.56 (1H, s), 7.48-
7.46 (2H, m), 7.39-7.12 (10H, m), 6.90 (1H, s), 6.66 (1H, s), 6.56 (2H, d, J = 8.0 Hz), 
5.46 (1H, d, J = 9.6 Hz), 5.26 (1H, d, J = 9.6 Hz), 2.92 (1H, sep, J = 6.8 Hz ), 2.55 (3H, 
s), 2.17 (3H, s), 1.80 (3H, s), 1.16 (6H, dd, J = 6.6, 5.2 Hz). 13C NMR (100 MHz, CDCl3): 
δ 157.5, 151.2, 140.3, 138.9, 135.6, 135.3, 135.3, 134.8, 132.1, 131.4, 131.1, 130.7, 
130.6, 130.4, 130.0, 129.9, 129.5, 129.3, 128.9, 128.8, 128.7, 128.3, 128.3, 128.2, 75.0, 
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73.1, 33.8, 24.0, 23.3, 21.2, 19.1, 18.3; HRMS Calcd for C39H39N2 [M+-BF4] (ES+): 
535.3113, Found: 535.3091. Optical rotation: [α]D20 –371.0° (c 1.00, CHCl3). 
 
1.37. A mixture of 16:1 atropisomers was obtained. NMR spectrum includes only major 
atropisomer, which was separated by silica gel column chromatography from minor 
atropisomer. IR (neat): 3065 (s), 2961 (s), 2869 (m), 1622 (s), 1483 (s), 1456 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 8.72 (1H, s), 7.66-7.62 (4H, m), 7.51-7.48 (2H, m), 7.40-
7.26 (7H, m), 7.19 (1H, d, J = 8.0 Hz), 7.13 (2H, t, J = 7.6 Hz), 6.91 (1H, s), 6.65 (1H, s), 
6.54 (2H, d, J = 7.6 Hz), 5.48 (1H, d, J = 9.2 Hz), 5.26 (1H, d, J = 9.6 Hz), 2.57 (3H, s), 
2.18 (3H, s), 1.79 (3H, s), 1.24 (9H, s). 13C NMR (100 MHz, CDCl3): δ 157.5, 153.4, 
140.1, 138.8, 135.4, 135.2, 135.1, 134.9, 132.2, 131.1, 130.7, 130.4, 130.2, 129.8, 129.7, 
129.5, 129.1, 128.7, 128.6, 128.2, 127.6, 127.0, 74.6, 73.4, 35.0, 30.9, 21.0, 19.0, 18.2; 
HRMS Calcd for C40H41N2 [M+-BF4] (ES+): 549.3270, Found: 549.3256. Optical rotation: 
[α]D20 –318.8° (c 1.00, CHCl3). 
 
1.38. IR (neat): 3063 (s), 2974 (s), 2937 (m), 2879 (m), 1612 (s), 1585 (s), 1457 (s) cm-1; 
1H NMR (400 MHz, CDCl3): δ 8.75 (1H, s), 7.69-7.63 (4H, m), 7.46-7.44 (2H, m), 7.40-
7.33 (3H, m), 7.28-7.11 (9H, m), 6.93 (1H, d, J = 7.6 Hz), 6.52 (2H, d, J = 7.6 Hz), 5.37 
(1H, d, J = 10.0 Hz), 5.32 (1H, d, J = 10.0 Hz), 3.06 (1H, dq, J = 15.2, 7.6 Hz), 2.75 (1H, 
dq, J = 15.2, 7.6 Hz), 2.39-2.27 (4H, m), 1.93 (1H, dq, J = 15.2, 7.6 Hz), 1.44 (3H, t, J = 
7.6 Hz), 0.89 (3H, t, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 157.4, 141.7, 141.0, 
140.5, 138.8, 134.9, 134.5, 131.1, 131.0, 130.9, 130.7, 130.5, 130.2, 129.8, 129.7, 129.5, 
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129.3, 129.1, 128.8, 128.6, 127.8, 127.0, 126.7, 76.0, 72.1, 24.2, 23.6, 20.7, 14.7, 14.3; 
HRMS Calcd for C38H37N2 [M-BF4] (ES+): 521.2957, Found: 521.2943. Optical rotation: 
[α]D20 –338.0 (c 1.00, CHCl3). 
 
1.39. A mixture of 9:1 atropisomers was obtained. The following NMR data includes 
only major atropisomer, which was separated by silica gel column chromatography from 
minor atropisomer. IR (neat): 3063 (m), 2964 (s), 2876 (m), 1611 (s), 1585 (s), 1458 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 8.78 (1H, s), 7.70-7.66 (3H, m), 7.59 (1H, d, J = 1.6 
Hz), 7.50-7.47 (2H, m), 7.42-7.09 (12H, m), 6.94 (1H, dd, J = 7.2, 1.6 Hz), 6.48 (2H, d, J 
= 7.2 Hz), 5.41 (1H, d, J = 10.0 Hz), 5.31 (1H, d, J = 9.6 Hz), 3.13 (1H, dq, J = 15.2, 7.6 
Hz), 2.94 (1H, sep, J = 6.8 Hz ), 2.77 (1H, dq, J = 15.2, 7.6 Hz), 2.33 (1H, dq, J = 15.2, 
7.6 Hz), 1.93 (1H, dq, J = 15.2, 7.6 Hz), 1.46 (3H, t, J = 7.6 Hz), 1.17 (6H, dd, J = 7.2, 
2.8 Hz), 0.90 (3H, t, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 157.6, 151.3, 141.6, 
141.2, 139.0, 135.4, 134.8, 131.7, 131.2, 131.0, 130.7, 130.4, 130.3, 129.8, 129.7, 129.5, 
129.1, 128.8, 128.6, 128.4, 128.2, 128.1, 127.1, 126.7, 75.7, 72.8, 33.7, 24.3, 23.9, 23.7, 
23.2, 14.8, 14.3; HRMS Calcd for C40H41N2 [M-BF4] (ES+): 549.3270, Found: 549.3262. 
Optical rotation: [α]D20 –300.0 (c 1.00, CHCl3). 
 
1.40. A mixture of 19:1 atropisomers was obtained.  1H NMR spectrum (400 MHz) 
includes only major atropisomer, which was separated by silica gel column 
chromatography from minor atropisomer. IR (neat): 3064 (m), 2966 (s), 2875 (m), 1610 
(s), 1585 (s), 1478 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.80 (1H, s), 7.69-7.63 (4H, 
- 50 - 
m), 7.52-7.49 (2H, m), 7.42-7.32 (6H, m), 7.29-7.19 (4H, m), 7.11 (2H, t, J = 8.0 Hz), 
6.93 (1H, dd, J = 7.4, 1.4 Hz), 6.46 (2H, d, J = 7.2 Hz), 5.43 (1H, d, J = 9.6 Hz), 5.31 
(1H, d, J = 9.2 Hz), 3.14 (1H, dq, J = 14.8, 7.6 Hz), 2.79 (1H, dq, J = 15.2, 7.6 Hz), 2.32 
(1H, dq, J = 15.2, 7.6 Hz), 1.90 (1H, dq, J = 14.8, 7.6 Hz), 1.46 (3H, t, J = 7.6 Hz), 1.24 
(9H, s), 0.89 (3H, t, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 157.6, 153.5, 141.5, 
141.2, 138.9, 135.4, 134.9, 131.9, 131.0, 130.7, 130.6, 130.3, 130.3, 129.8, 129.8, 129.7, 
129.5, 129.1, 128.8, 128.6, 128.1, 127.7, 127.2, 127.1, 126.7, 75.5, 73.2, 35.0, 31.0, 24.3, 
23.6, 14.7, 14.3; HRMS Calcd for C41H43N2 [M-BF4](ES+): 563.3426, Found: 563.3412. 
Optical rotation: [α]D20 –337.8 (c 1.00, CHCl3). 
 
1.41. A mixture of 17:1 atropisomers was obtained. The following NMR data includes 
only major atropisomer. IR (neat): 3060 (s), 2973 (s), 2936 (m), 2877 (m), 1618(s), 1581 
(m), 1458 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 9.18 (1H, s), 7.74-7.67 (4H, m), 7.36-
7.14 (12H, m), 7.08 (2H, t, J = 8.0 Hz), 6.98 (1H, d, J = 6.8 Hz), 6.31 (2H, d, J = 7.6 Hz), 
5.53 (1H, d, J = 11.2 Hz), 5.27 (1H, d, J = 11.6 Hz), 3.03-2.90 (2H, m), 2.41 (1H, dq, J = 
15.2, 7.6 Hz), 2.26 (3H, s), 1.81 (1H, dq, J = 15.2, 7.6 Hz), 1.54 (3H, t, J = 7.6 Hz), 0.86 
(3H, d, J = 7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 158.5, 142.8, 140.4, 139.5, 139.3, 
136.7, 132.6, 131.4, 131.0, 130.8, 130.7, 130.5, 130.3, 129.9, 129.6, 129.3, 129.0, 128.6, 
128.5, 127.3, 127.1, 74.3, 71.7, 24.9, 23.6, 18.3, 15.6, 14.1; HRMS Calcd for C38H37N2 
[M-BF4] (ES+): 521.2957, Found: 521.2966. Optical rotation: [α]D20 –228.2 (c 1.00, 
CHCl3). 
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1.42. A mixture of 10:1 atropisomers was obtained. NMR spectrum includes only major 
atropisomer. IR (neat): 3060 (s), 2923 (w), 1616(s), 1495 (m), 1456 (m) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 9.13 (1H, s), 7.88 (2H, dd, J = 8.0, 5.2 Hz), 7.79-7.76 (6H, m), 7.62 
(1H, td, J = 7.8, 1.2 Hz), 7.47 (1H, d, J = 7.8 Hz), 7.41 (1H, d, J = 8.4 Hz), 7.29-7.26 
(1H, m), 7.20-7.10 (7H, m), 6.97 (1H, s), 6.72 (1H, s), 6.48 (2H, d, J = 7.2 Hz), 5.62 (1H, 
d, J = 12.0 Hz), 5.33 (1H, d, J = 11.6 Hz), 2.75 (3H, s), 2.21 (3H, s), 1.84 (3H, s). 13C 
NMR (100 MHz, CDCl3): δ 159.0, 140.6, 139.2, 137.5, 136.7, 134.0, 133.5, 132.5, 131.1, 
131.0, 130.6, 130.5, 130.2, 129.7, 129.4, 129.1, 128.9, 128.7, 128.6, 128.6, 128.4, 127.8, 
127.2, 126.8, 121.3, 74.0, 72.6, 21.1, 19.2, 18.1; HRMS Calcd for C40H35N2 [M+-BF4] 
(ES+): 543.2800, Found: 543.2794. Optical rotation: [α]D20 –362.4° (c 1.00, CHCl3). 
 
1.45. IR (neat): 3065 (m), 2963 (s), 2869 (m), 1619 (s), 1602 (s), 1575 (s), 1478 (s) cm-1; 
1H NMR (400 MHz, CDCl3): δ 8.75 (1H, s), 7.93 (1H, dd, J = 8.0, 1.2 Hz), 7.73 (1H, t, J 
= 1.6 Hz), 7.47-7.18 (11H, m), 7.11 (2H, t, J = 8.0 Hz), 6.91 (1H, s), 6.62 (1H, s), 6.45 
(2H, d, J = 7.2 Hz), 5.70 (1H, d, J = 8.8 Hz), 5.30 (1H, d, J = 8.8 Hz), 2.45 (3H, s), 2.19 
(3H, s), 1.64 (3H, s), 1.38 (18H, bs). 13C NMR (100 MHz, CDCl3): δ 157.8, 152.1, 140.4, 
139.1, 138.4, 135.3, 135.2, 135.1, 132.4, 131.7, 131.6, 130.6, 130.4, 130.2, 130.0, 129.8, 
129.8, 129.7, 129.2, 129.2, 128.8, 128.5, 127.7, 123.3, 123.1, 75.3, 72.4, 35.3, 31.7, 21.1, 
18.7, 18.4; HRMS Calcd for C44H49N2 [M-BF4] (ES+): 605.3896, Found: 605.3904. 
Optical rotation: [α]D20 –306.0 (c 0.50, CHCl3). 
 
1.46. IR (neat): 3035 (w), 2964 (s), 2875 (m), 1615 (s), 1497 (m), 1457 (s) cm-1; 1H NMR 
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(400 MHz, CDCl3): δ 8.94 (1H, s), 7.93 (1H, d, J = 8.0 Hz), 7.74 (1H, s), 7.49-7.11 (15H, 
m), 6.94 (1H, d, J = 7.6 Hz), 6.46 (2H, d, J = 7.6 Hz), 5.70 (1H, d, J = 9.2 Hz), 5.22 (1H, 
d, J = 9.2 Hz), 2.98 (1H, dq, J = 15.2, 7.6 Hz), 2.67 (1H, dq, J = 15.2, 7.6 Hz), 2.21 (1H, 
dq, J = 15.2, 7.6 Hz), 1.70 (1H, dq, J = 15.2, 7.6 Hz), 1.46-1.36 (21H, m), 0.73 (3H, t, J = 
7.6 Hz). 13C NMR (100 MHz, CDCl3): δ 157.7, 152.2, 141.8, 140.9, 138.7, 138.4, 135.0, 
131.9, 131.8, 131.6, 130.8, 130.5, 130.2, 129.9, 129.7, 129.6, 129.3, 128.9, 128.7, 127.4, 
127.2, 123.0, 76.5, 71.6, 35.3, 31.7, 24.2, 23.5, 14.6, 14.2; HRMS Calcd for C45H51N2 [M-
BF4] (ES+): 619.4052, Found: 619.4056. Optical rotation: [α]D20 –272.6 (c 1.00, CHCl3). 
 
1.47. IR (neat): 3034 (s), 2921 (s), 1618 (s), 1598 (s), 1496 (s), 1456 (s) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 8.74 (1H, s), 8.07 (1H, dd, J = 7.6, 1.2 Hz), 7.45-7.31 (8H, m), 7.23 
(1H, s), 7.18-7.11 (4H, m), 6.90 (1H, s), 6.61 (1H, s), 6.43 (2H, d, J = 7.2 Hz), 5.37 (1H, 
d, J = 7.2 Hz), 5.18 (1H, d, J = 7.6 Hz), 2.53 (3H, s), 2.47 (3H, s), 2.17 (3H, s), 2.04 (3H, 
s), 1.88 (3H, s), 1.58 (3H, s). 13C NMR (100 MHz, CDCl3): δ 157.7, 140.3, 139.0, 136.6, 
136.5, 136.4, 135.8, 135.3, 135.0, 134.3, 132.4, 132.4, 131.5, 130.6, 130.5, 130.4, 130.0, 
129.9, 129.8, 129.7, 129.6, 129.3, 129.0, 128.7, 128.1, 127.1, 75.8, 72.1, 21.4, 21.3, 21.0, 
20.7, 18.5, 17.6; HRMS Calcd for C39H39N2 [M-BF4] (ES+): 535.3113, Found: 535.3100. 
Optical rotation: [α]D20 –335.0 (c 1.00, CHCl3). 
 
1.48. IR (neat): 3067 (m), 2923 (m), 1619(s), 1586 (s), 1478 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 8.59 (1H, s), 8.03-8.01 (1H, m), 7.60-7.49 (7H, m), 7.45-7.30 (6H, m), 
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6.95 (1H, s), 6.70 (1H, s), 6.36 (1H, d, J = 11.6 Hz), 5.74 (1H, d, J = 11.6 Hz), 4.34-4.19 
(2H, m), 2.68 (3H, s), 2.21 (3H, s), 1.97 (3H, s), 1.32 (3H, t, J = 7.2 Hz). 13C NMR (100 
MHz, CDCl3): δ 158.4, 140.5, 136.4, 135.7, 135.2, 134.0, 133.4, 132.5, 131.7, 131.2, 
130.8, 130.7, 130.7, 130.5, 130.3, 130.0, 130.0, 129.8, 129.3, 129.1, 128.6, 75.8, 74.8, 
70.4, 21.1, 18.7, 18.1, 14.8; HRMS Calcd for C32H33N2O3S [M-BF4] (ES+): 525.2212, 
Found: 525.2200. Optical rotation: [α]D20 –73.6 (c 1.00, CHCl3). 
 
1.49. IR (neat): 3066 (s), 3036 (s), 2943 (m), 2841 (w), 1622 (s), 1481 (s), 1456 (s) cm-1; 
NMR spectrum includes a mixture of 2:1 atropisomers. 1H NMR (400 MHz, CDCl3): δ 
8.59 (1H, s), 8.49 (0.5H, s), 7.83-7.80 (1H, m), 7.72-7.62 (2H, m), 7.39-7.14 (21H, m), 
6.91 (1H, s), 6.87 (0.5H, s), 6.64 (2H, s), 6.62 (0.5H, s), 6.50 (2H, d, J = 7.6 Hz), 5.59 
(0.5H, d, J = 9.6 Hz), 5.39 (0.5H, d, J = 9.6 Hz), 5.36 (1H, d, J = 8.8 Hz), 5.32 (1H, d, J = 
9.2 Hz), 3.79 (1.5H, s), 3.74 (3H, s), 2.58 (3H, s), 2.45 (1.5H, s), 2.16 (3H, s), 2.15 (1.5H, 
s), 1.68 (3H, s), 1.65 (1.5H, s). 13C NMR (100 MHz, CDCl3): δ 157.5, 157.3, 156.8, 
156.7, 140.14, 135.5, 135.3, 135.2, 134.9, 134.7, 133.0, 132.2, 132.0, 131.7, 131.5, 130.9, 
130.8, 130.6, 130.5, 130.4, 130.1, 130.1, 130.1, 129.8, 129.8, 129.6, 129.6, 129.4, 129.1, 
128.8, 128.6, 128.5, 128.1, 128.0, 127.7, 126.6, 122.4, 121.6, 113.5, 112.2, 75.2, 75.0, 
73.3, 72.4, 57.0, 55.8, 20.9, 18.7, 18.7, 17.9, 17.5; HRMS Calcd for C37H35N2O [M-BF4] 
(ES+): 523.2749, Found: 523.2755. Optical rotation: [α]D20 –218.2 (c 1.75, CHCl3). 
 
1.50. IR (neat): 3063 (s), 2964 (m), 2872 (m), 1617 (s), 1594 (s), 1458 (s) cm-1; NMR 
spectrum includes a mixture of 1:1 atropisomers. 1H NMR (400 MHz, CDCl3): δ 8.87 
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(1H, s), 8.70 (1H, s), 7.85 (1H, d, J = 8.0 Hz), 7.71-7.66 (3H, m), 7.49-7.12 (31H, m), 
7.06 (2H, dd, J = 13.2, 1.6 Hz), 6.76 (2H, dd, J = 14.0, 1.6 Hz), 6.54 (2H, d, J = 7.2 Hz), 
6.42 (2H, d, J = 7.6 Hz), 5.52 (1H, d, J = 9.2 Hz), 5.34 (1H, d, J = 8.8 Hz), 5.23 (1H, d, J 
= 9.2 Hz), 5.10 (1H, d, J = 8.8 Hz), 3.83 (3H, s), 3.76 (3H, s), 3.18 (2H, sep, J = 6.8 Hz), 
2.81 (2H, dq, J = 15.2, 7.2 Hz), 2.44 (1H, dq, J = 6.8, 6.8 Hz), 2.28 (1H, dq, J = 6.8, 6.8 
Hz), 1.54 (3H, d, J = 6.8 Hz), 1.44 (3H, d, J = 6.8 Hz), 1.37 (3H, d, J = 7.2 Hz), 1.33 (3H, 
d, J = 6.8 Hz), 1.20-1.10 (18H, m), 0.34 (3H, d, J = 6.4 Hz), 0.30 (3H, d, J = 6.8 Hz). 13C 
NMR (100 MHz, CDCl3): δ 157.9, 157.3, 157.3, 157.0, 151.8, 146.5, 146.5, 145.7, 145.7, 
135.3, 135.2, 135.0, 133.9, 132.9, 132.4, 132.2, 132.0, 131.8, 131.7, 131.6, 130.9, 130.6, 
130.4, 130.3, 130.2, 130.0, 130.0, 129.9, 129.8, 129.6, 129.4, 129.0, 128.9, 128.8, 127.8, 
127.3, 127.0, 125.5, 123.3, 123.1, 123.0, 122.6, 121.5, 114.8, 112.3, 77.8, 77.5, 73.3, 
72.1, 58.2, 55.9, 34.2, 29.4, 28.8, 28.6, 26.4, 26.2, 25.1, 25.0, 24.6, 24.5, 23.8, 23.8, 22.8, 
22.6; HRMS Calcd for C43H47N2O [M-BF4] (ES+): 607.3688, Found: 607.3673. Optical 
rotation: [α]D20 –182.6 (c 1.00, CHCl3). 
 
1.51. IR (neat): 3063 (m), 3036 (m), 1617(s), 1593 (s), 1479 (m), 1456 (m) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 9.00 (1H, s), 7.57 (4H, t, J = 7.6 Hz), 7.51-7.44 (4H, m), 
7.37 (4H, d, J = 7.6 Hz), 7.33-7.16 (12H, m), 6.69 (4H, d, J = 7.6 Hz), 4.70 (2H, s). 13C 
NMR (100 MHz, CDCl3): δ 157.5, 138.1, 137.8, 133.8, 131.6, 131.3, 130.0, 130.0, 129.4, 
129.3, 128.6, 128.2, 75.1; HRMS Calcd for C39H31N2 [M-BF4] (ES+): 527.2487, Found: 
527.2481. Optical rotation: [α]D20 –427.0 (c 1.00, CHCl3). 
 
- 55 - 
1.53. IR (neat): 3063 (w), 1608 (s), 1055 (s), 907 (s), 726 (s), 698 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 8.92 (1H, s), 7.54-7.51 (4H, m), 7.47-7.42 (2H, m), 7.32-7.29 (6H, m), 
7.24-7.15 (6H, m), 7.11-7.04 (4H, m), 6.70-6.68 (4H, m), 4.69 (2H, s), 2.29 (6H, s). 13C 
NMR (100 MHz, CDCl3): δ 157.4, 140.0, 138.3, 134.7, 133.8, 131.4, 131.0, 130.8, 130.0, 
129.5, 129.3, 129.2, 128.5, 128.4, 128.2, 75.1, 20.9; Optical rotation: [α]D20 –422.5 
(c 1.60, CHCl3). 
 
1.54. IR (neat): 3062 (w), 2962 (m), 1622(s), 1607 (s), 1216 (m), 1056 (s), 1033 (s), 730 
(s), 701 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.86 (1H, s), 7.59-7.49 (6H, m), 7.36-
7.34 (4H, m), 7.26-7.22 (2H, m), 7.19-7.10 (10H, m), 6.69-6.67 (4H, m), 4.76 (2H, s), 
2.87 (2H, hep, J = 6.8 Hz), 1.17 (6H, d, J = 6.8 Hz), 1.15 (6H, d, J = 6.8 Hz). 13C NMR 
(100 MHz, CDCl3): δ 157.2, 150.6, 138.3, 135.4, 133.9, 131.4, 131.1, 130.0, 1296, 129.3, 
129.2, 128.5, 128.4, 128.1, 126.6, 75.3, 33.7, 23.9, 23.4; Optical rotation: [α]D20 –387.0 
(c 1.00, CHCl3). 
 
1.55. IR (neat): 2959 (s), 2923 (s), 2853 (m), 1623(s), 1607 (s), 1458 (s) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 8.91 (1H, s), 7.89 (1H, d, J = 8.0 Hz), 7.64-7.52 (6H, m), 7.48-7.40 
(5H, m), 7.35-7.33 (2H, m), 7.30-7.14 (8H, m), 6.68 (4H, d, J = 7.2 Hz), 4.78 (2H, s), 
1.23 (18H, s). 13C NMR (100 MHz, CDCl3): δ 157.1, 152.9, 138.3, 135.3, 134.1, 131.2, 
130.8, 130.0, 129.7, 129.4, 129.2, 128.5, 128.4, 126.9, 126.0, 75.5, 34.9, 31.0, 29.8; 
HRMS Calcd for C47H47N2 [M-BF4] (ES+): 639.3739, Found: 639.3718.  Optical rotation: 
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[α]D20 –196.4 (c 0.50, CHCl3) 
 
  Synthesis of NHC-Ag X 
A flame-dried, round-bottom flask equipped with reflux condenser was charged 
with imidazolinium salt 1.33 (500 mg, 0.861 mmol), Ag2O (399 mg, 1.72 mmol), 
Me4NCl (189 mg, 1.72 mmol), 4Å molecular sieve (30 beads), and CH2Cl2 (50 mL) 
under a dry N2 atmosphere. After 19 hours at 60 °C, the solution was passed through a 
plug of Celite. The filtrate was concentrated and triturated with pentane/ CH2Cl2 to afford 
528 mg (0.827 mmol, 96% yield) of NHC-AgCl X as a white solid. IR (neat): 3032 (s), 
2919 (s), 1669(s), 1606 (s), 1481 (s), 1458 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.64-
7.56 (5H, m), 7.40-7.38 (1H, m), 7.29-7.17 (7H, m), 7.08-6.98 (4H, m), 6.88 (1H, s), 6.64 
(1H, s), 6.43 (2H, d, J = 7.6 Hz), 5.08 (1H, d, J = 10.0 Hz), 5.03 (1H, d, J = 10.0 Hz), 
2.48 (3H, s), 2.19 (3H, s), 1.74 (3H, s). 13C NMR (100 MHz, CDCl3): δ 204.9 (Ccarbene, 
dd, J = 240.0, 17.4 Hz), 139.8, 138.7, 138.6, 137.4, 137.2, 136.7, 134.7, 134.3, 133.6, 
131.2, 130.5, 130.0, 129.9, 129.5, 129.4, 129.2, 129.0, 128.9, 128.8, 128.4, 128.1, 127.6, 
76.3, 73.0, 21.0, 19.1, 18.5; Optical rotation: [α]D20 –296.0 (c 0.50, CHCl3). 
 
  X-Ray Data 
   X-ray crystal structure of NHC-AgCl X 
Table 1. Crystal Data and Structure Refinement for NHC-AgCl X 
Identification code  NHC-AgCl X 
- 57 - 
Empirical formula  C73 H65 Ag2 Cl5 N4 
Formula weight  1391.28 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P2(1)2(1)2(1) 
Unit cell dimensions a = 10.4876(12) Å α= 90° 
 b = 23.375(3) Å β= 90° 
 c = 26.449(3) Å γ = 90° 
Volume 6483.9(13) Å3 
Z 4 
Density (calculated) 1.425 Mg/m3 
Absorption coefficient 0.856 mm-1 
F(000) 2840 
Crystal size 0.22 x 0.10 x 0.10 mm3 
Theta range for data collection 1.54 to 25.00°. 
Index ranges -12<=h<=12, -27<=k<=24, -25<=l<=31 
Reflections collected 36973 
Independent reflections 11423 [R(int) = 0.0697] 
Completeness to theta = 25.00° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9193 and 0.8341 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11423 / 0 / 766 
Goodness-of-fit on F2 1.022 
Final R indices [I>2sigma(I)] R1 = 0.0491, wR2 = 0.0871 
R indices (all data) R1 = 0.0691, wR2 = 0.0933 
Absolute structure parameter 0.01(2) 
Largest diff. peak and hole 1.023 and -0.469 e.Å-3 
 
Table 2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(Å2x 103) for NHC-AgCl X (U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.) 
__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
Ag(1) 2464(1) 4213(1) 8068(1) 32(1) 
Ag(2) 9269(1) 4722(1) 8372(1) 31(1) 
Cl(5) 1807(1) 5168(1) 7948(1) 34(1) 
Cl(1) 9625(2) 3792(1) 8080(1) 48(1) 
C(20) 7582(5) 5848(2) 7559(2) 27(1) 
N(2) 7758(4) 5827(2) 8482(2) 22(1) 
C(33) 2980(6) 3404(2) 9122(2) 31(2) 
C(25) 4236(6) 2513(2) 8050(2) 32(1) 
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N(1) 9234(4) 5791(2) 9053(2) 26(1) 
C(23) 5918(5) 5388(2) 8052(2) 29(1) 
C(26) 4011(6) 2583(2) 8628(2) 27(1) 
C(2) 7643(6) 6402(2) 8728(2) 27(1) 
C(16) 10727(6) 5237(2) 10222(2) 41(2) 
N(3) 3897(4) 3090(2) 7852(2) 27(1) 
N(4) 3441(5) 3167(2) 8654(2) 28(1) 
C(24) 5783(6) 5412(2) 7138(2) 32(1) 
C(14) 12342(7) 5359(3) 9596(2) 47(2) 
C(18) 8421(6) 5372(2) 10032(2) 32(1) 
C(12) 10165(6) 5565(2) 9392(2) 28(1) 
C(3) 8691(5) 5499(2) 8667(2) 24(1) 
C(28) 3180(7) 2131(2) 8846(2) 36(2) 
C(17) 9777(6) 5399(2) 9878(2) 30(1) 
C(30) 5545(6) 2291(2) 7920(2) 29(1) 
C(1) 8703(5) 6369(2) 9133(2) 25(1) 
C(31) 5696(7) 1776(2) 7678(2) 39(2) 
C(4) 9679(5) 6839(2) 9073(2) 27(1) 
C(39) 5207(6) 3327(2) 9493(2) 32(2) 
C(34) 3820(6) 3458(2) 9532(2) 30(1) 
C(5) 10393(5) 6886(2) 8636(2) 32(2) 
C(19) 7057(5) 5684(2) 8024(2) 24(1) 
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C(22) 5303(5) 5252(2) 7598(2) 35(1) 
C(21) 6920(5) 5709(2) 7125(2) 34(1) 
C(7) 11270(6) 7774(3) 8915(3) 49(2) 
C(6) 11178(6) 7353(3) 8555(3) 42(2) 
C(13) 11427(6) 5545(2) 9254(2) 34(2) 
C(37) 1241(7) 3751(3) 9618(3) 51(2) 
C(32) 3784(6) 3175(2) 7313(2) 30(1) 
C(35) 3316(7) 3643(3) 9992(2) 42(2) 
C(10) 6308(6) 6528(2) 8917(2) 29(1) 
C(41) 5980(7) 3626(3) 9152(2) 45(2) 
C(29) 1897(7) 2109(3) 8744(2) 38(2) 
C(38) 1704(7) 3548(3) 9170(3) 41(2) 
C(11) 5868(6) 6341(2) 9381(2) 32(1) 
C(27) 3377(5) 3428(2) 8205(2) 29(1) 
C(36) 2036(7) 3792(3) 10036(3) 51(2) 
C(40) 5774(7) 2909(3) 9802(2) 42(2) 
C(8) 10610(7) 7727(3) 9359(3) 58(2) 
C(9) 9795(6) 7261(3) 9438(3) 42(2) 
C(15) 11996(6) 5222(3) 10081(2) 44(2) 
C(46) 7569(7) 5011(2) 9788(2) 37(1) 
C(47) 6642(6) 2578(3) 8072(3) 45(2) 
C(53) 2597(7) 3018(2) 6546(2) 41(2) 
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C(42) 8850(5) 6142(2) 7520(2) 35(2) 
C(44) 5362(6) 5192(3) 8547(2) 46(2) 
C(51) 2679(6) 2989(2) 7077(2) 33(2) 
C(43) 5068(6) 5271(3) 6655(2) 54(2) 
C(45) 4628(6) 6453(3) 9523(3) 41(2) 
C(50) 4778(6) 3425(2) 7037(3) 42(2) 
C(52) 1528(6) 2775(2) 7365(2) 37(2) 
C(48) 7842(6) 2357(3) 7981(3) 49(2) 
C(49) 6880(7) 1553(3) 7585(3) 53(2) 
C(57) 5913(7) 5280(3) 10359(2) 51(2) 
C(62) 2979(9) 1235(3) 9280(3) 61(2) 
C(55) 6728(8) 5640(3) 10617(3) 56(2) 
C(65) 7937(7) 1836(3) 7736(3) 52(2) 
C(61) 3723(8) 1685(3) 9125(2) 46(2) 
C(54) 7987(7) 5680(3) 10449(2) 44(2) 
C(63) 1687(10) 1226(3) 9186(3) 69(3) 
C(56) 6309(6) 4965(3) 9951(2) 43(2) 
C(66) 3586(8) 3228(3) 6264(3) 51(2) 
C(59) 4261(7) 6937(3) 8756(3) 57(2) 
C(60) 5499(6) 6826(3) 8614(2) 40(2) 
C(64) 1134(8) 1661(3) 8912(3) 54(2) 
C(58) 3826(6) 6756(3) 9217(3) 48(2) 
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C(68) 7781(7) 3087(3) 9430(3) 59(2) 
C(67) 7049(8) 2786(3) 9768(3) 60(2) 
C(71) 4641(7) 3438(3) 6518(3) 48(2) 
C(69) 7261(7) 3507(3) 9129(3) 57(2) 
C(70) 5930(7) 3680(3) 7277(3) 56(2) 
C(72) 3497(10) 3230(3) 5691(3) 89(3) 
Cl(10) 1789(3) 4364(1) 6512(1) 110(1) 
Cl(11) 1441(3) 5544(1) 6297(1) 100(1) 
C(100) 1094(8) 4993(4) 6715(3) 77(3) 
Cl(12) -546(2) 4908(1) 6789(1) 103(1) 
 
Table 3. Bond Lengths [Å] and Angles [°] for NHC-AgCl X 
_____________________________________________________ 
Ag(1)-C(27)  2.101(6) 
Ag(1)-Cl(5)  2.3589(14) 
Ag(2)-C(3)  2.067(5) 
Ag(2)-Cl(1)  2.3368(15) 
C(20)-C(21)  1.381(7) 
C(20)-C(19)  1.402(7) 
C(20)-C(42)  1.501(7) 
N(2)-C(3)  1.336(6) 
N(2)-C(19)  1.456(6) 
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N(2)-C(2)  1.498(6) 
C(33)-C(38)  1.386(9) 
C(33)-C(34)  1.403(8) 
C(33)-N(4)  1.442(7) 
C(25)-N(3)  1.491(7) 
C(25)-C(30)  1.507(8) 
C(25)-C(26)  1.556(8) 
C(25)-H(25)  1.0000 
N(1)-C(3)  1.354(6) 
N(1)-C(12)  1.427(7) 
N(1)-C(1)  1.477(6) 
C(23)-C(19)  1.382(7) 
C(23)-C(22)  1.398(8) 
C(23)-C(44)  1.505(8) 
C(26)-C(28)  1.487(8) 
C(26)-N(4)  1.492(6) 
C(26)-H(26)  1.0000 
C(2)-C(10)  1.515(8) 
C(2)-C(1)  1.546(8) 
C(2)-H(2)  1.0000 
C(16)-C(15)  1.383(9) 
C(16)-C(17)  1.401(7) 
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C(16)-H(16)  0.9500 
N(3)-C(27)  1.339(6) 
N(3)-C(32)  1.445(7) 
N(4)-C(27)  1.335(7) 
C(24)-C(22)  1.368(8) 
C(24)-C(21)  1.381(8) 
C(24)-C(43)  1.519(8) 
C(14)-C(15)  1.370(9) 
C(14)-C(13)  1.388(8) 
C(14)-H(14)  0.9500 
C(18)-C(46)  1.388(8) 
C(18)-C(54)  1.393(8) 
C(18)-C(17)  1.482(8) 
C(12)-C(13)  1.374(8) 
C(12)-C(17)  1.403(8) 
C(28)-C(29)  1.374(9) 
C(28)-C(61)  1.397(9) 
C(30)-C(31)  1.372(7) 
C(30)-C(47)  1.390(8) 
C(1)-C(4)  1.510(8) 
C(1)-H(1)  1.0000 
C(31)-C(49)  1.370(9) 
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C(31)-H(31)  0.9500 
C(4)-C(5)  1.380(8) 
C(4)-C(9)  1.387(8) 
C(39)-C(41)  1.400(8) 
C(39)-C(40)  1.407(8) 
C(39)-C(34)  1.490(8) 
C(34)-C(35)  1.394(8) 
C(5)-C(6)  1.384(8) 
C(5)-H(5)  0.9500 
C(22)-H(22)  0.9500 
C(21)-H(21)  0.9500 
C(7)-C(8)  1.368(10) 
C(7)-C(6)  1.374(9) 
C(7)-H(7)  0.9500 
C(6)-H(6)  0.9500 
C(13)-H(13)  0.9500 
C(37)-C(38)  1.366(9) 
C(37)-C(36)  1.386(9) 
C(37)-H(37)  0.9500 
C(32)-C(51)  1.386(8) 
C(32)-C(50)  1.400(8) 
C(35)-C(36)  1.392(9) 
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C(35)-H(35)  0.9500 
C(10)-C(60)  1.358(8) 
C(10)-C(11)  1.383(8) 
C(41)-C(69)  1.374(10) 
C(41)-H(41)  0.9500 
C(29)-C(64)  1.390(9) 
C(29)-H(29)  0.9500 
C(38)-H(38)  0.9500 
C(11)-C(45)  1.378(8) 
C(11)-H(11)  0.9500 
C(36)-H(36)  0.9500 
C(40)-C(67)  1.370(9) 
C(40)-H(40)  0.9500 
C(8)-C(9)  1.400(9) 
C(8)-H(8)  0.9500 
C(9)-H(9)  0.9500 
C(15)-H(15)  0.9500 
C(46)-C(56)  1.394(9) 
C(46)-H(46)  0.9500 
C(47)-C(48)  1.381(8) 
C(47)-H(47)  0.9500 
C(53)-C(66)  1.370(10) 
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C(53)-C(51)  1.409(8) 
C(53)-H(53)  0.9500 
C(42)-H(42A)  0.9800 
C(42)-H(42B)  0.9800 
C(42)-H(42C)  0.9800 
C(44)-H(44A)  0.9800 
C(44)-H(44B)  0.9800 
C(44)-H(44C)  0.9800 
C(51)-C(52)  1.512(8) 
C(43)-H(43A)  0.9800 
C(43)-H(43B)  0.9800 
C(43)-H(43C)  0.9800 
C(45)-C(58)  1.364(9) 
C(45)-H(45)  0.9500 
C(50)-C(71)  1.380(9) 
C(50)-C(70)  1.489(9) 
C(52)-H(52A)  0.9800 
C(52)-H(52B)  0.9800 
C(52)-H(52C)  0.9800 
C(48)-C(65)  1.384(9) 
C(48)-H(48)  0.9500 
C(49)-C(65)  1.351(9) 
- 68 - 
C(49)-H(49)  0.9500 
C(57)-C(56)  1.371(9) 
C(57)-C(55)  1.380(10) 
C(57)-H(57)  0.9500 
C(62)-C(61)  1.373(10) 
C(62)-C(63)  1.377(11) 
C(62)-H(62)  0.9500 
C(55)-C(54)  1.396(9) 
C(55)-H(55)  0.9500 
C(65)-H(65)  0.9500 
C(61)-H(61)  0.9500 
C(54)-H(54)  0.9500 
C(63)-C(64)  1.378(11) 
C(63)-H(63)  0.9500 
C(56)-H(56)  0.9500 
C(66)-C(71)  1.385(10) 
C(66)-C(72)  1.518(10) 
C(59)-C(58)  1.371(9) 
C(59)-C(60)  1.377(9) 
C(59)-H(59)  0.9500 
C(60)-H(60)  0.9500 
C(64)-H(64)  0.9500 
- 69 - 
C(58)-H(58)  0.9500 
C(68)-C(67)  1.371(10) 
C(68)-C(69)  1.377(10) 
C(68)-H(68)  0.9500 
C(67)-H(67)  0.9500 
C(71)-H(71)  0.9500 
C(69)-H(69)  0.9500 
C(70)-H(70A)  0.9800 
C(70)-H(70B)  0.9800 
C(70)-H(70C)  0.9800 
C(72)-H(72A)  0.9800 
C(72)-H(72B)  0.9800 
C(72)-H(72C)  0.9800 
Cl(10)-C(100)  1.726(8) 
Cl(11)-C(100)  1.737(9) 
C(100)-Cl(12)  1.742(9) 

























































































































































































































































































Symmetry transformations used to generate equivalent atoms:  
- 82 - 
  
   X-ray crystal structure of 1.33 (BF4- omitted for clarity) 
 
Table 1. Crystal Data and Structure Refinement for 1.33 
Identification code  1.33 
Empirical formula  C36 H33 B F4 N2 
Formula weight  580.45 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Monoclinic 
Space group  P 1 21 1 
Unit cell dimensions a = 9.466(4) ≈ α= 90∞ 
 b = 17.876(8) ≈ β= 103.358(6)∞ 
 c = 10.669(5) ≈ γ = 90∞ 
Volume 1756.4(13) ≈3 
Z 2 
Density (calculated) 1.098 Mg/m3 
Absorption coefficient 0.078 mm-1 
F(000) 608 
Crystal size 0.10 x 0.06 x 0.04 mm3 
Theta range for data collection 1.96 to 26.00∞. 
- 83 - 
Index ranges -11<=h<=11, -22<=k<=21, 0<=l<=13 
Reflections collected 6912 
Independent reflections 6912 [R(int) = 0.0346] 
Completeness to theta = 26.00∞ 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9969 and 0.9922 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6912 / 25 / 458 
Goodness-of-fit on F2 1.061 
Final R indices [I>2sigma(I)] R1 = 0.0769, wR2 = 0.2039 
R indices (all data) R1 = 0.0892, wR2 = 0.2133 
Absolute structure parameter -0.7(18) 
Extinction coefficient na 
Largest diff. peak and hole 0.363 and -0.352 e.≈-3 
 
Table 2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(≈2x 103) for 1.33 (U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor.) 
__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
N(1) -1802(3) 7251(2) 7558(3) 34(1) 
- 84 - 
N(2) -2694(3) 8381(2) 7174(3) 29(1) 
C(1) -1572(4) 7968(2) 7682(4) 32(1) 
C(2) -3321(4) 7116(2) 6761(4) 32(1) 
C(3) -4005(4) 7895(2) 6823(3) 27(1) 
C(4) -789(4) 6682(2) 8126(4) 40(1) 
C(5) -257(6) 6687(3) 9417(5) 58(1) 
C(6) 688(6) 6116(3) 10006(5) 64(1) 
C(7) 1049(6) 5552(3) 9254(5) 56(1) 
C(8) 513(5) 5544(2) 7956(5) 43(1) 
C(9) -408(4) 6114(2) 7332(4) 40(1) 
C(10) -953(4) 6126(2) 5927(4) 38(1) 
C(11) -1735(5) 5528(3) 5292(5) 51(1) 
C(12) -2271(6) 5532(4) 3945(6) 76(2) 
C(13) -2000(8) 6173(6) 3292(7) 91(3) 
C(14) -1238(8) 6762(5) 3876(7) 81(2) 
C(15) -687(5) 6738(3) 5196(6) 53(1) 
C(16) -4084(4) 6485(2) 7264(4) 34(1) 
C(17) -4769(4) 5943(2) 6435(5) 44(1) 
C(18) -5496(5) 5357(3) 6884(6) 55(1) 
C(19) -5553(6) 5345(3) 8203(7) 69(2) 
C(20) -4880(6) 5873(3) 8994(6) 61(1) 
C(21) -4147(5) 6466(3) 8547(5) 45(1) 
- 85 - 
C(22) -5065(4) 8128(2) 5592(3) 28(1) 
C(23) -4599(4) 8264(2) 4479(4) 37(1) 
C(24) -5581(5) 8483(2) 3359(4) 41(1) 
C(25) -7053(5) 8548(2) 3356(4) 42(1) 
C(26) -7516(4) 8392(2) 4436(4) 40(1) 
C(27) -6521(4) 8189(2) 5594(4) 33(1) 
C(28) -2664(4) 9180(2) 6998(4) 29(1) 
C(29) -3548(4) 9637(2) 7562(3) 29(1) 
C(30) -3531(4) 10409(2) 7322(4) 37(1) 
C(31) -2632(4) 10714(2) 6587(4) 36(1) 
C(32) -1765(4) 10242(2) 6083(4) 35(1) 
C(33) -1755(4) 9472(2) 6243(3) 30(1) 
C(34) -4495(4) 9335(2) 8391(4) 38(1) 
C(35) -2598(5) 11550(2) 6353(5) 46(1) 
C(36) -796(5) 9004(2) 5620(4) 38(1) 
B(1) 8354(6) 8338(3) 1231(5) 44(1) 
F(1) 7853(12) 8833(6) 1914(10) 79(3) 
F(2) 8484(9) 8642(5) 165(9) 85(2) 
F(3) 9675(8) 7982(4) 1795(7) 68(2) 
F(4) 7425(9) 7840(5) 515(9) 84(2) 
F(1X) 7426(14) 8842(8) 1641(13) 106(4) 
F(2X) 9055(9) 8630(5) 204(9) 85(2) 
- 86 - 
F(3X) 9498(9) 8243(5) 2209(8) 80(2) 
F(4X) 7554(7) 7671(4) 1086(7) 60(2) 
 
Table 3. Bond Lengths [≈] and Angles [∞] for 1.33 
_____________________________________________________  
N(1)-C(1)  1.301(5) 
N(1)-C(4)  1.433(5) 
N(1)-C(2)  1.511(5) 
N(2)-C(1)  1.304(5) 
N(2)-C(28)  1.441(5) 
N(2)-C(3)  1.491(5) 
C(1)-H(1)  0.949(19) 
C(2)-C(16)  1.503(5) 
C(2)-C(3)  1.544(5) 
C(2)-H(2)  0.999(19) 
C(3)-C(22)  1.515(5) 
C(3)-H(3)  0.971(19) 
C(4)-C(5)  1.353(7) 
C(4)-C(9)  1.421(6) 
C(5)-C(6)  1.407(7) 
C(5)-H(5)  0.95(2) 
C(6)-C(7)  1.380(8) 
- 87 - 
C(6)-H(6)  0.94(2) 
C(7)-C(8)  1.360(7) 
C(7)-H(7)  0.93(2) 
C(8)-C(9)  1.405(5) 
C(8)-H(8)  0.955(19) 
C(9)-C(10)  1.469(6) 
C(10)-C(11)  1.385(6) 
C(10)-C(15)  1.400(6) 
C(11)-C(12)  1.409(8) 
C(11)-H(11)  0.96(2) 
C(12)-C(13)  1.394(11) 
C(12)-H(12)  0.95(2) 
C(13)-C(14)  1.345(12) 
C(13)-H(13)  0.96(2) 
C(14)-C(15)  1.385(9) 
C(14)-H(14)  0.97(2) 
C(15)-H(15)  0.94(2) 
C(16)-C(17)  1.369(6) 
C(16)-C(21)  1.385(6) 
C(17)-C(18)  1.398(7) 
C(17)-H(17)  0.966(19) 
C(18)-C(19)  1.421(9) 
- 88 - 
C(18)-H(18)  0.96(2) 
C(19)-C(20)  1.327(9) 
C(19)-H(19)  0.95(2) 
C(20)-C(21)  1.408(7) 
C(20)-H(20)  0.97(2) 
C(21)-H(21)  0.96(2) 
C(22)-C(23)  1.380(5) 
C(22)-C(27)  1.383(5) 
C(23)-C(24)  1.390(6) 
C(23)-H(23)  0.936(19) 
C(24)-C(25)  1.397(7) 
C(24)-H(24)  0.943(19) 
C(25)-C(26)  1.353(7) 
C(25)-H(25)  0.949(19) 
C(26)-C(27)  1.417(6) 
C(26)-H(26)  0.955(19) 
C(27)-H(27)  0.931(19) 
C(28)-C(29)  1.400(5) 
C(28)-C(33)  1.408(5) 
C(29)-C(30)  1.405(5) 
C(29)-C(34)  1.498(6) 
C(30)-C(31)  1.394(6) 
- 89 - 
C(30)-H(30)  0.943(19) 
C(31)-C(32)  1.370(6) 
C(31)-C(35)  1.516(5) 
C(32)-C(33)  1.386(5) 
C(32)-H(32)  0.966(19) 
C(33)-C(36)  1.498(6) 
C(34)-H(34A)  0.9800 
C(34)-H(34B)  0.9800 
C(34)-H(34C)  0.9800 
C(35)-H(35A)  0.9800 
C(35)-H(35B)  0.9800 
C(35)-H(35C)  0.9800 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
B(1)-F(2)  1.291(11) 
B(1)-F(1)  1.304(11) 
B(1)-F(3X)  1.330(9) 
B(1)-F(4)  1.357(10) 
B(1)-F(1X)  1.397(14) 
B(1)-F(4X)  1.403(8) 
B(1)-F(3)  1.408(9) 
- 90 - 







































































































































































Symmetry transformations used to generate equivalent atoms.  
  
Table 4. Anisotropic Displacement Parameters  (≈2x 103) for 1.33 [The anisotropic 
displacement factor exponent takes the form: -2π2(h2 a*2U11 + ...  + 2 h k a* b* U12).] 
__________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________ 
N(1)27(2)  25(2) 44(2)  1(1) -4(1)  2(1) 
N(2)26(2)  26(2) 31(2)  0(1) -2(1)  -2(1) 
C(1)32(2)  28(2) 34(2)  0(1) 0(2)  -3(2) 
C(2)28(2)  27(2) 39(2)  3(2) 1(2)  0(2) 
C(3)25(2)  30(2) 27(2)  -4(1) 5(1)  -5(1) 
C(4)35(2)  28(2) 53(2)  7(2) 1(2)  3(2) 
C(5)51(3)  51(3) 60(3)  -4(2) -15(2)  18(2) 
C(6)64(3)  63(3) 55(3)  7(3) -7(2)  18(3) 
C(7)53(3)  47(3) 59(3)  11(2) -5(2)  22(2) 
- 98 - 
C(8)35(2)  32(2) 60(3)  8(2) 8(2)  6(2) 
C(9)33(2)  31(2) 54(3)  7(2) 5(2)  3(2) 
C(10) 26(2)  34(2) 54(2)  16(2) 10(2)  9(2) 
C(11) 39(2)  57(3) 55(3)  5(2) 7(2)  2(2) 
C(12) 43(3)  114(6) 65(4)  1(4) -2(3)  10(3) 
C(13) 65(4)  144(7) 66(4)  46(5) 19(3)  39(5) 
C(14) 70(4)  100(5) 81(4)  56(4) 33(4)  42(4) 
C(15) 45(3)  42(2) 82(4)  28(2) 34(2)  23(2) 
C(16) 26(2)  25(2) 47(2)  6(2) 0(2)  4(2) 
C(17) 29(2)  33(2) 62(3)  6(2) -7(2)  -3(2) 
C(18) 40(2)  31(2) 85(4)  12(2) -7(2)  -4(2) 
C(19) 47(3)  39(3) 115(5)  34(3) 5(3)  -3(2) 
C(20) 64(3)  43(3) 78(4)  25(3) 25(3)  8(2) 
C(21) 43(2)  36(2) 57(3)  11(2) 10(2)  2(2) 
C(22) 27(2)  20(2) 33(2)  0(1) -1(1)  0(1) 
C(23) 32(2)  42(2) 35(2)  0(2) 2(2)  -9(2) 
C(24) 52(2)  36(2) 32(2)  5(2) 2(2)  -11(2) 
C(25) 50(2)  23(2) 41(2)  1(2) -13(2)  2(2) 
C(26) 33(2)  29(2) 48(2)  -11(2) -8(2)  7(2) 
C(27) 28(2)  30(2) 39(2)  -2(2) 6(2)  1(2) 
C(28) 30(2)  20(2) 32(2)  -4(1) -4(2)  0(1) 
C(29) 27(2)  30(2) 25(2)  -5(1) -4(1)  -1(1) 
- 99 - 
C(30) 27(2)  33(2) 45(2)  -11(2) -5(2)  7(2) 
C(31) 35(2)  25(2) 40(2)  4(2) -7(2) -1(2) 
C(32) 34(2)  26(2) 43(2)  2(2) 1(2)  -3(2) 
C(33) 28(2)  28(2) 31(2)  4(1) 0(1)  -1(1) 
C(34) 36(2)  37(2) 40(2)  -11(2) 11(2)  -3(2) 
C(35) 44(2)  28(2) 60(3)  2(2) 1(2) 1(2) 
C(36) 38(2)  27(2) 50(2)  4(2) 11(2) -1(2) 
B(1)49(3)  34(2) 38(2)  4(2) -11(2)  1(2) 
 
Table 5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (≈2x 10 
3) for 1.33 
__________________________________________________________________ 
 x  y  z  U(eq) 
__________________________________________________________________ 
  
H(1) -630(30) 8180(20) 7950(40) 39 
H(2) -3200(50) 7060(20) 5860(20) 38 
H(3) -4650(40) 7880(20) 7410(30) 33 
H(5) -640(60) 7050(30) 9910(50) 70 
H(6) 1080(60) 6120(40) 10900(20) 77 
H(7) 1760(50) 5180(20) 9390(50) 67 
H(8) 700(50) 5140(20) 7440(40) 52 
- 100 - 
H(11) -1750(60) 5140(20) 5910(40) 61 
H(12) -2730(70) 5110(30) 3490(60) 92 
H(13) -2270(80) 6100(50) 2370(20) 109 
H(14) -1100(80) 7150(30) 3290(60) 98 
H(15) -140(50) 7160(20) 5560(50) 64 
H(17) -4620(50) 5940(30) 5570(30) 53 
H(18) -5860(60) 5070(30) 6110(30) 66 
H(19) -6060(60) 4950(30) 8510(60) 83 
H(20) -5000(70) 5850(30) 9870(30) 73 
H(21) -3800(50) 6870(20) 9130(40) 54 
H(23) -3600(20) 8240(30) 4520(40) 45 
H(24) -5370(50) 8650(30) 2580(30) 49 
H(25) -7750(40) 8700(30) 2610(30) 50 
H(26) -8540(20) 8470(30) 4270(40) 47 
H(27) -6780(50) 8180(30) 6390(30) 39 
H(30) -4200(40) 10700(20) 7630(40) 44 
H(32) -1360(50) 10530(20) 5480(40) 42 
H(34A) -5441 9194 7849 57 
H(34B) -4629 9719 9009 57 
H(34C) -4033 8894 8859 57 
H(35A) -1675 11756 6840 69 
H(35B) -3402 11790 6636 69 
- 101 - 
H(35C) -2696 11644 5432 69 
H(36A) -478 9300 4963 57 
H(36B) -1338 8565 5217 57 
H(36C) 54 8840 6274 57 
 






























































































Symmetry transformations used to generate equivalent atoms.  
  
   X-ray crystal structure of imidazolinium salt of 1.40 (BF4- omitted for clarity). 
 
Table 1.  Crystal data and structure refinement for 1.40 
Identification code  C41H43BF4N2 
Empirical formula  C41 H43 B F4 N2 
Formula weight  650.58 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 10.082(3) ≈ α= 90∞. 
 b = 16.819(5) ≈ β= 99.123(4)∞. 
 c = 10.708(3) ≈ γ = 90∞. 
- 106 - 
Volume 1792.7(9) ≈3 
Z 2 
Density (calculated) 1.205 Mg/m3 
Absorption coefficient 0.084 mm-1 
F(000) 688 
Crystal size 0.20 x 0.11 x 0.10 mm3 
Theta range for data collection 2.05 to 28.00∞. 
Index ranges -13<=h<=13, -22<=k<=22, -14<=l<=13 
Reflections collected 21763 
Independent reflections 8563 [R(int) = 0.0424] 
Completeness to theta = 28.00∞ 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9917 and 0.9835 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8563 / 440 / 434 
Goodness-of-fit on F2 1.058 
Final R indices [I>2sigma(I)] R1 = 0.0540, wR2 = 0.1334 
R indices (all data) R1 = 0.0626, wR2 = 0.1392 
Absolute structure parameter -0.3(7) 
Extinction coefficient na 
Largest diff. peak and hole 0.556 and -0.242 e.≈-3 
- 107 - 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(≈2x 103) for 1.40.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
N(1) 8210(2) 4399(1) 3856(2) 24(1) 
N(2) 8092(2) 3891(1) 5720(2) 23(1) 
C(1) 8736(2) 3912(1) 4752(2) 25(1) 
C(2) 6830(2) 4369(1) 5442(2) 22(1) 
C(3) 7117(2) 4870(1) 4308(2) 22(1) 
C(4) 8776(2) 4605(1) 2747(2) 25(1) 
C(5) 9757(2) 5198(1) 2853(2) 32(1) 
C(6) 10223(2) 5424(1) 1756(2) 40(1) 
C(7) 9725(3) 5077(2) 607(2) 45(1) 
C(8) 8779(2) 4486(2) 538(2) 39(1) 
C(9) 8290(2) 4223(1) 1602(2) 29(1) 
C(10) 10368(2) 5569(2) 4085(2) 44(1) 
C(11) 11742(3) 5188(3) 4603(3) 83(1) 
C(12) 7323(2) 3534(1) 1528(2) 39(1) 
C(13) 6160(3) 3598(2) 422(3) 58(1) 
- 108 - 
C(14) 8456(2) 3396(1) 6814(2) 23(1) 
C(15) 7546(2) 2832(1) 7121(2) 24(1) 
C(16) 7937(2) 2407(1) 8237(2) 26(1) 
C(17) 9204(2) 2498(1) 8944(2) 25(1) 
C(18) 10137(2) 3028(1) 8576(2) 23(1) 
C(19) 9716(2) 3500(1) 7521(2) 23(1) 
C(20) 6291(2) 2640(1) 6254(2) 27(1) 
C(21) 6378(2) 2325(1) 5071(2) 37(1) 
C(22) 5224(3) 2157(2) 4222(2) 48(1) 
C(23) 3987(2) 2298(2) 4552(2) 45(1) 
C(24) 3873(2) 2609(2) 5725(2) 41(1) 
C(25) 5020(2) 2776(1) 6590(2) 31(1) 
C(26) 11579(2) 3050(1) 9282(2) 27(1) 
C(27) 12276(2) 2298(1) 8919(2) 37(1) 
C(28) 11602(2) 3048(1) 10722(2) 33(1) 
C(29) 12349(2) 3778(1) 8927(2) 34(1) 
C(30) 6517(2) 4853(1) 6534(2) 24(1) 
C(31) 5203(2) 4850(1) 6795(2) 31(1) 
C(32) 4864(2) 5320(1) 7764(2) 40(1) 
C(33) 5821(3) 5789(2) 8448(2) 42(1) 
C(34) 7120(3) 5797(1) 8201(2) 38(1) 
C(35) 7473(2) 5332(1) 7241(2) 31(1) 
- 109 - 
C(36) 5937(2) 5035(1) 3288(2) 23(1) 
C(37) 4847(2) 4524(1) 3017(2) 31(1) 
C(38) 3796(2) 4716(1) 2059(2) 37(1) 
C(39) 3824(2) 5406(1) 1384(2) 32(1) 
C(40) 4895(2) 5918(1) 1651(2) 32(1) 
C(41) 5946(2) 5730(1) 2611(2) 26(1) 
B(1) 8753(3) 1239(2) 2172(2) 36(1) 
F(1) 8341(2) 1635(1) 3141(2) 78(1) 
F(2) 7810(2) 1308(1) 1108(2) 84(1) 
F(3) 9929(2) 1564(1) 1906(2) 76(1) 
F(4) 8990(2) 448(1) 2507(2) 62(1) 
 
Table 3.   Bond lengths [≈] and angles [∞] for  1.40 
_____________________________________________________  
N(1)-C(1)  1.308(3) 
N(1)-C(4)  1.439(2) 
N(1)-C(3)  1.498(2) 
N(2)-C(1)  1.308(2) 
N(2)-C(14)  1.437(2) 
N(2)-C(2)  1.495(2) 
C(2)-C(30)  1.499(3) 
C(2)-C(3)  1.542(3) 
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C(3)-C(36)  1.509(2) 
C(4)-C(5)  1.397(3) 
C(4)-C(9)  1.402(3) 
C(5)-C(6)  1.385(3) 
C(5)-C(10)  1.500(3) 
C(6)-C(7)  1.383(4) 
C(7)-C(8)  1.371(4) 
C(8)-C(9)  1.384(3) 
C(9)-C(12)  1.508(3) 
C(10)-C(11)  1.548(4) 
C(12)-C(13)  1.533(3) 
C(14)-C(19)  1.383(3) 
C(14)-C(15)  1.394(3) 
C(15)-C(16)  1.395(3) 
C(15)-C(20)  1.481(3) 
C(16)-C(17)  1.387(3) 
C(17)-C(18)  1.397(3) 
C(18)-C(19)  1.392(3) 
C(18)-C(26)  1.529(3) 
C(20)-C(21)  1.389(3) 
C(20)-C(25)  1.403(3) 
C(21)-C(22)  1.388(3) 
- 111 - 
C(22)-C(23)  1.370(4) 
C(23)-C(24)  1.383(4) 
C(24)-C(25)  1.391(3) 
C(26)-C(27)  1.527(3) 
C(26)-C(29)  1.530(3) 
C(26)-C(28)  1.538(3) 
C(30)-C(35)  1.386(3) 
C(30)-C(31)  1.397(3) 
C(31)-C(32)  1.390(3) 
C(32)-C(33)  1.365(4) 
C(33)-C(34)  1.376(4) 
C(34)-C(35)  1.382(3) 
C(36)-C(41)  1.376(3) 
C(36)-C(37)  1.390(3) 
C(37)-C(38)  1.391(3) 
C(38)-C(39)  1.369(3) 
C(39)-C(40)  1.375(3) 
C(40)-C(41)  1.390(3) 
B(1)-F(1)  1.352(3) 
B(1)-F(2)  1.368(3) 
B(1)-F(3)  1.376(3) 
B(1)-F(4)  1.389(3) 

















































































Symmetry transformations used to generate equivalent atoms:  
  
Table 4.   Anisotropic displacement parameters  (≈2x 103) for 1.40.  The 
anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k 
a* b* U12 ] 
__________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________ 
N(1)18(1)  32(1) 24(1)  1(1) 4(1)  2(1) 
N(2)17(1)  27(1) 25(1)  2(1) 4(1)  2(1) 
C(1)24(1)  26(1) 24(1)  -1(1) 2(1)  0(1) 
- 116 - 
C(2)16(1)  26(1) 24(1)  1(1) 3(1)  2(1) 
C(3)20(1)  25(1) 21(1)  -1(1) 4(1)  -1(1) 
C(4)25(1)  26(1) 24(1)  3(1) 6(1)  5(1) 
C(5)24(1)  31(1) 42(1)  0(1) 11(1)  2(1) 
C(6)37(1)  35(1) 52(1)  14(1) 23(1)  8(1) 
C(7)49(1)  53(2) 40(1)  24(1) 26(1)  23(1) 
C(8)43(1)  51(1) 24(1)  5(1) 6(1)  23(1) 
C(9)26(1)  32(1) 28(1)  -1(1) 2(1)  13(1) 
C(10) 26(1)  51(1) 57(2)  -20(1) 14(1)  -13(1) 
C(11) 42(2)  136(4) 69(2)  -45(2) 7(1)  0(2) 
C(12) 34(1)  36(1) 44(1)  -11(1) -2(1)  3(1) 
C(13) 40(1)  79(2) 50(2)  -30(2) -8(1)  10(1) 
C(14) 25(1)  22(1) 24(1)  0(1) 7(1)  4(1) 
C(15) 22(1)  23(1) 27(1)  -3(1) 4(1)  2(1) 
C(16) 26(1)  24(1) 30(1)  3(1) 8(1)  -3(1) 
C(17) 28(1)  24(1) 24(1)  4(1) 5(1)  1(1) 
C(18) 23(1)  24(1) 24(1)  -1(1) 4(1)  3(1) 
C(19) 22(1)  24(1) 24(1)  3(1) 5(1)  1(1) 
C(20) 25(1)  23(1) 32(1)  1(1) -1(1)  -2(1) 
C(21) 35(1)  30(1) 44(1)  -9(1) 0(1)  0(1) 
C(22) 55(1)  39(1) 42(1)  -16(1) -10(1)  -1(1) 
C(23) 41(1)  37(1) 50(1)  2(1) -17(1)  -10(1) 
- 117 - 
C(24) 28(1)  43(1) 48(1)  12(1) -6(1)  -8(1) 
C(25) 24(1)  33(1) 34(1)  7(1) 0(1)  -5(1) 
C(26) 20(1)  28(1) 33(1)  6(1) 1(1)  1(1) 
C(27) 30(1)  36(1) 44(1)  6(1) 5(1)  9(1) 
C(28) 32(1)  34(1) 29(1)  5(1) -3(1)  -3(1) 
C(29) 21(1)  36(1) 44(1)  11(1) 0(1)  -4(1) 
C(30) 24(1)  26(1) 23(1)  6(1) 4(1)  4(1) 
C(31) 30(1)  32(1) 33(1)  5(1) 10(1)  2(1) 
C(32) 44(1)  36(1) 44(1)  7(1) 24(1)  9(1) 
C(33) 65(2)  37(1) 27(1)  3(1) 14(1)  16(1) 
C(34) 54(1)  34(1) 25(1)  -3(1) -2(1)  7(1) 
C(35) 32(1)  32(1) 28(1)  0(1) 2(1)  4(1) 
C(36) 20(1)  26(1) 23(1)  -1(1) 3(1)  4(1) 
C(37) 29(1)  30(1) 33(1)  3(1) -1(1)  -2(1) 
C(38) 26(1)  40(1) 40(1)  -6(1) -5(1)  0(1) 
C(39) 30(1)  40(1) 25(1)  -1(1) -1(1)  12(1) 
C(40) 32(1)  36(1) 30(1)  5(1) 7(1)  12(1) 
C(41) 24(1)  29(1) 28(1)  3(1) 6(1)  2(1) 
B(1)42(1)  34(1) 35(1)  1(1) 11(1)  -6(1) 
F(1)136(2)  54(1) 53(1)  -1(1) 43(1)  24(1) 
F(2)95(1)  89(1) 59(1)  6(1) -21(1)  -39(1) 
F(3)50(1)  62(1) 121(2)  32(1) 29(1)  -9(1) 
- 118 - 
F(4)76(1)  34(1) 84(1)  1(1) 38(1)  -4(1) 
 
Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (≈2x 10 
3) for 1.40 
__________________________________________________________________  
 x  y  z  U(eq) 
__________________________________________________________________ 
  
H(1) 9515 3603 4704 30 
H(2) 6059 4003 5153 27 
H(3) 7503 5390 4638 26 
H(6) 10896 5823 1795 47 
H(7) 10039 5249 -139 54 
H(8) 8451 4253 -259 47 
H(10A) 9751 5500 4710 53 
H(10B) 10489 6146 3961 53 
H(11A) 12112 5437 5410 124 
H(11B) 12362 5269 3995 124 
H(11C) 11623 4617 4731 124 
H(12A) 6951 3504 2329 46 
H(12B) 7820 3035 1442 46 
H(13A) 5568 3136 425 87 
- 119 - 
H(13B) 6519 3614 -376 87 
H(13C) 5650 4085 510 87 
H(16) 7320 2047 8519 32 
H(17) 9443 2194 9694 30 
H(19) 10298 3898 7285 28 
H(21) 7235 2224 4842 44 
H(22) 5292 1944 3412 57 
H(23) 3200 2181 3968 54 
H(24) 3010 2707 5941 49 
H(25) 4943 2982 7402 37 
H(27A) 12272 2293 8003 55 
H(27B) 11798 1829 9161 55 
H(27C) 13205 2289 9359 55 
H(28A) 11169 3532 10970 49 
H(28B) 12534 3030 11153 49 
H(28C) 11116 2581 10960 49 
H(29A) 12339 3785 8010 51 
H(29B) 13280 3753 9361 51 
H(29C) 11923 4262 9181 51 
H(31A) 4540 4527 6310 37 
H(32) 3974 5315 7950 48 
H(33) 5587 6115 9104 51 
- 120 - 
H(34) 7775 6123 8691 46 
H(35) 8368 5341 7067 37 
H(37) 4820 4045 3482 38 
H(38A) 3052 4366 1871 44 
H(39) 3103 5531 730 39 
H(40) 4917 6396 1184 38 
H(41) 6681 6086 2801 32 
 








































































































Symmetry transformations used to generate equivalent atoms:  
  
- 125 - 
   X-ray crystal structure of imidazolinium salt of 1.51 (BF4- omitted for clarity). 
 
Table 1. Crystal Data and Structure Refinement for Imidazolinium Salt of 1.51 
Identification code  imidazolinium salt of 1.51 
Empirical formula  C39 H31 B F4 N2 
Formula weight  614.47 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Tetragonal 
Space group  P 43 21 2 
Unit cell dimensions a = 12.8839(10) ≈ α= 90∞ 
 b = 12.8839(10) ≈ β= 90∞ 
 c = 37.340(4) ≈ γ = 90∞ 
Volume 6198.3(10) ≈3 
Z 8 
Density (calculated) 1.317 Mg/m3 
Absorption coefficient 0.093 mm-1 
F(000) 2560 
Crystal size 0.08 x 0.06 x 0.03 mm3 
Theta range for data collection 1.92 to 25.50∞ 
Index ranges -15<=h<=15, -15<=k<=15, -45<=l<=45 
- 126 - 
Reflections collected 63091 
Independent reflections 5764 [R(int) = 0.0948] 
Completeness to theta = 25.50∞ 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9972 and 0.9926 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5764 / 0 / 415 
Goodness-of-fit on F2 1.032 
Final R indices [I>2sigma(I)] R1 = 0.0510, wR2 = 0.0995 
R indices (all data) R1 = 0.0949, wR2 = 0.1153 
Absolute structure parameter -0.2(9) 
Extinction coefficient na 
Largest diff. peak and hole 0.187 and -0.209 e.≈-3 
 
Table 2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(≈2x103) for Imidazolinium Salt of 1.51  (U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor.) 
__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
N(1) 7388(2) 4330(2) 1389(1) 22(1) 
N(2) 7459(2) 3995(2) 810(1) 21(1) 
- 127 - 
C(1) 7684(2) 3697(2) 1136(1) 24(1) 
C(2) 6838(2) 4974(2) 824(1) 23(1) 
C(3) 6931(2) 5277(2) 1225(1) 23(1) 
C(4) 7506(2) 3347(2) 494(1) 23(1) 
C(5) 7045(2) 2372(2) 518(1) 28(1) 
C(6) 6986(2) 1755(2) 221(1) 33(1) 
C(7) 7382(2) 2096(2) -101(1) 32(1) 
C(8) 7863(2) 3059(2) -123(1) 29(1) 
C(9) 7923(2) 3713(2) 174(1) 25(1) 
C(10) 8389(2) 4766(2) 132(1) 25(1) 
C(11) 8162(2) 5348(2) -174(1) 31(1) 
C(12) 8542(2) 6339(3) -218(1) 37(1) 
C(13) 9184(2) 6762(3) 41(1) 37(1) 
C(14) 9445(2) 6186(3) 340(1) 32(1) 
C(15) 9063(2) 5192(2) 384(1) 26(1) 
C(16) 5742(2) 4811(2) 696(1) 25(1) 
C(17) 5320(3) 5494(2) 452(1) 33(1) 
C(18) 4287(3) 5401(3) 345(1) 38(1) 
C(19) 3681(3) 4615(3) 478(1) 38(1) 
C(20) 4103(2) 3907(3) 716(1) 36(1) 
C(21) 5128(2) 3997(2) 822(1) 32(1) 
C(22) 7589(2) 6225(2) 1296(1) 27(1) 
- 128 - 
C(23) 7118(3) 7162(2) 1362(1) 38(1) 
C(24) 7702(3) 8062(3) 1410(1) 50(1) 
C(25) 8765(4) 8002(3) 1397(1) 54(1) 
C(26) 9255(3) 7069(3) 1342(1) 48(1) 
C(27) 8669(3) 6172(3) 1290(1) 36(1) 
C(28) 7668(2) 4268(2) 1761(1) 26(1) 
C(29) 8696(3) 4037(2) 1850(1) 33(1) 
C(30) 8986(3) 4023(3) 2207(1) 38(1) 
C(31) 8280(3) 4280(3) 2471(1) 39(1) 
C(32) 7270(3) 4532(2) 2375(1) 32(1) 
C(33) 6936(2) 4508(2) 2021(1) 28(1) 
C(34) 5815(2) 4671(3) 1937(1) 30(1) 
C(35) 5262(2) 3905(2) 1754(1) 31(1) 
C(36) 4221(3) 4040(3) 1679(1) 36(1) 
C(37) 3709(3) 4934(3) 1781(1) 35(1) 
C(38) 4252(3) 5693(3) 1964(1) 37(1) 
C(39) 5285(3) 5556(3) 2045(1) 35(1) 
B(1) 992(3) 3994(3) 1112(1) 29(1) 
F(1) 1176(1) 4679(2) 840(1) 47(1) 
F(2) -22(1) 3590(1) 1078(1) 38(1) 
F(3) 1072(2) 4476(2) 1442(1) 48(1) 
F(4) 1687(1) 3169(1) 1097(1) 41(1) 
- 129 - 
 
Table 3. Bond Lengths [≈] and Angles [∞] for Imidazolinium Salt of 1.51 
_____________________________________________________ 
N(1)-C(1)  1.304(4) 
N(1)-C(28)  1.440(3) 
N(1)-C(3)  1.487(4) 
N(2)-C(1)  1.309(4) 
N(2)-C(4)  1.445(3) 
N(2)-C(2)  1.495(3) 
C(1)-H(1)  0.9500 
C(2)-C(16)  1.505(4) 
C(2)-C(3)  1.554(4) 
C(2)-H(2)  1.0000 
C(3)-C(22)  1.510(4) 
C(3)-H(3)  1.0000 
C(4)-C(5)  1.392(4) 
C(4)-C(9)  1.395(4) 
C(5)-C(6)  1.368(4) 
C(5)-H(5)  0.9500 
C(6)-C(7)  1.377(4) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.389(4) 
- 130 - 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.395(4) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.492(4) 
C(10)-C(15)  1.392(4) 
C(10)-C(11)  1.399(4) 
C(11)-C(12)  1.377(4) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.386(4) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.382(4) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.382(4) 
C(14)-H(14)  0.9500 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.377(4) 
C(16)-C(21)  1.396(4) 
C(17)-C(18)  1.394(4) 
C(17)-H(17)  0.9500 
C(18)-C(19)  1.373(5) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.385(5) 
- 131 - 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.384(4) 
C(20)-H(20)  0.9500 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.374(4) 
C(22)-C(27)  1.393(4) 
C(23)-C(24)  1.394(5) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.373(6) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.373(6) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.394(4) 
C(26)-H(26)  0.9500 
C(27)-H(27)  0.9500 
C(28)-C(33)  1.388(4) 
C(28)-C(29)  1.398(4) 
C(29)-C(30)  1.383(4) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.381(5) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.388(5) 
- 132 - 
C(31)-H(31)  0.9500 
C(32)-C(33)  1.390(4) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.494(4) 
C(34)-C(39)  1.389(4) 
C(34)-C(35)  1.396(4) 
C(35)-C(36)  1.382(4) 
C(35)-H(35)  0.9500 
C(36)-C(37)  1.382(5) 
C(36)-H(36)  0.9500 
C(37)-C(38)  1.383(4) 
C(37)-H(37)  0.9500 
C(38)-C(39)  1.376(4) 
C(38)-H(38)  0.9500 
C(39)-H(39)  0.9500 
B(1)-F(1)  1.365(4) 
B(1)-F(3)  1.381(4) 
B(1)-F(4)  1.391(4) 
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F(4)-B(1)-F(2) 108.0(3) 
_____________________________________________________________ 
Symmetry transformations used to generate equivalent atoms.  
  
Table 4. Anisotropic Displacement Parameters (≈2x 103) for Imidazolinium Salt of 1.51  
[The anisotropic displacement factor exponent takes the form: -2π2(h2a*2U11 + ... + 2 h 
k a* b* U12).] 
__________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
__________________________________________________________________ 
N(1)23(1)  19(1) 23(1)  -1(1) 4(1)  -2(1) 
N(2)23(1)  16(1) 25(1)  -1(1) 1(1)  1(1) 
C(1)21(2)  21(2) 31(2)  3(2) 1(1)  -1(1) 
C(2)24(2)  17(2) 28(2)  -2(1) 3(1)  1(1) 
C(3)23(2)  22(2) 24(2)  2(1) 2(1)  0(1) 
C(4)20(2)  23(2) 26(2)  -5(1) -1(1)  1(1) 
C(5)26(2)  27(2) 32(2)  2(2) 0(1)  4(2) 
C(6)29(2)  27(2) 43(2)  -2(2) -3(2)  7(2) 
C(7)30(2)  29(2) 38(2)  -8(2) -10(2)  8(2) 
C(8)23(2)  36(2) 28(2)  -4(2) 1(1)  7(2) 
C(9)21(2)  26(2) 27(2)  -2(1) -2(1)  5(1) 
C(10) 16(2)  33(2) 26(2)  0(2) 5(1)  2(1) 
- 140 - 
C(11) 28(2)  36(2) 30(2)  -1(2) 0(2)  2(2) 
C(12) 32(2)  39(2) 39(2)  9(2) 2(2)  1(2) 
C(13) 28(2)  37(2) 45(2)  4(2) 11(2)  -4(2) 
C(14) 29(2)  37(2) 31(2)  -4(2) 6(2)  -7(2) 
C(15) 21(2)  34(2) 24(2)  1(1) 6(1)  -2(2) 
C(16) 26(2)  24(2) 24(2)  -3(1) 4(1)  4(1) 
C(17) 32(2)  25(2) 41(2)  1(2) 1(2)  6(2) 
C(18) 30(2)  35(2) 48(2)  2(2) -4(2)  14(2) 
C(19) 24(2)  50(2) 41(2)  -9(2) 1(2)  4(2) 
C(20) 29(2)  40(2) 40(2)  1(2) 0(2)  -8(2) 
C(21) 26(2)  33(2) 36(2)  3(2) 2(2)  -6(2) 
C(22) 35(2)  24(2) 22(2)  0(1) 0(1)  -3(2) 
C(23) 47(2)  29(2) 38(2)  -1(2) -11(2)  3(2) 
C(24) 80(3)  23(2) 46(2)  -3(2) -17(2)  4(2) 
C(25) 86(3)  44(3) 34(2)  3(2) -11(2)  -30(2) 
C(26) 49(2)  53(3) 43(2)  -3(2) 4(2)  -26(2) 
C(27) 34(2)  36(2) 37(2)  0(2) 4(2)  -11(2) 
C(28) 32(2)  21(2) 24(2)  1(1) 1(2)  -7(1) 
C(29) 36(2)  35(2) 28(2)  1(2) 2(2)  -1(2) 
C(30) 35(2)  42(2) 38(2)  3(2) -7(2)  -2(2) 
C(31) 43(2)  48(2) 27(2)  4(2) -4(2)  -15(2) 
C(32) 37(2)  36(2) 25(2)  -5(1) 5(2)  -15(2) 
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C(33) 30(2)  26(2) 26(2)  1(1) 3(2)  -10(1) 
C(34) 33(2)  35(2) 21(2)  0(1) 7(2)  -7(2) 
C(35) 33(2)  27(2) 32(2)  -3(2) 5(2)  -8(2) 
C(36) 33(2)  44(2) 29(2)  -5(2) 3(2)  -12(2) 
C(37) 31(2)  44(2) 32(2)  -2(2) 6(2)  -7(2) 
C(38) 30(2)  34(2) 47(2)  -8(2) 9(2)  -3(2) 
C(39) 36(2)  33(2) 35(2)  -11(2) 7(2)  -9(2) 
B(1)20(2)  35(2) 32(2)  4(2) -1(2)  4(2) 
F(1)37(1)  47(1) 56(1)  20(1) -3(1)  -5(1) 
F(2)27(1)  40(1) 48(1)  -1(1) 1(1)  -1(1) 
F(3)43(1)  52(1) 48(1)  -16(1) -6(1)  4(1) 
F(4)32(1)  35(1) 56(1)  1(1) -2(1)  9(1) 
 
Table 5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (≈2x 
103) for Imidazolinium Salt of 1.51 
__________________________________________________________________ 
 x  y  z  U(eq) 
__________________________________________________________________ 
H(1) 8036 3065 1185 29 
H(2) 7181 5516 673 27 
H(3) 6221 5392 1326 28 
H(5) 6773 2136 740 34 
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H(6) 6671 1090 236 39 
H(7) 7325 1671 -308 38 
H(8) 8156 3275 -345 35 
H(11) 7736 5054 -355 38 
H(12) 8366 6729 -425 44 
H(13) 9443 7448 14 44 
H(14) 9890 6475 517 39 
H(15) 9261 4796 587 32 
H(17) 5737 6035 357 39 
H(18) 4003 5884 179 45 
H(19) 2975 4556 407 46 
H(20) 3687 3358 807 43 
H(21) 5416 3502 982 38 
H(23) 6383 7196 1376 46 
H(24) 7368 8709 1452 60 
H(25) 9167 8614 1427 65 
H(26) 9992 7035 1339 58 
H(27) 9006 5526 1250 43 
H(29) 9190 3891 1668 40 
H(30) 9674 3834 2271 46 
H(31) 8483 4286 2715 47 
H(32) 6792 4727 2557 39 
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H(35) 5604 3287 1680 37 
H(36) 3852 3511 1555 43 
H(37) 2995 5027 1726 42 
H(38) 3909 6313 2035 44 
H(39) 5642 6075 2177 42 
 





































































































Symmetry transformations used to generate equivalent atoms.  
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Chapter  2. Catalytic Enantioselective Synthesis of All-
Carbon Quaternary Stereogenic Centers: NHC–Cu-
Catalyzed Enantioselective Conjugate Addition of 
Diaryl- and Dialkylzinc Reagents to β-Substituted α ,β-
Unsaturated Cyclic Enones  
2.1 Introduction 
Catalytic enantioselective construction of all-carbon quaternary stereogenic 
centers has been a challenging problem in chemical synthesis due to steric repulsion on 
the carbon center caused by substituents on the carbon.70  Many natural products 
containing quaternary carbon stereogenic centers have been reported and synthesized.  As 
shown in Figure 2.1, the Overman group reported the total synthesis of (+)-calycanthine, 
which contains two contiguous all-carbon quaternary stereogenic center (C).  Two 
isolated all-carbon quaternary carbon-containing natural compounds were synthesized by 
Marino and Danishefsky [(+)-aspidospermidine (b), and guanacastepene A (c), 
respectively].  Our research group recently completed the synthesis of clavirolide C, 
containing three tertiary stereogenic carbon centers (d) in 2008.  Total syntheses of two 
natural products bearing contiguous all-carbon (C) and heteroatom-containing (C) 
                                                
(70) For a review on the synthesis of quaternary carbon stereogenic centers, see: (a) Martin, S. F. 
Tetrahedron 1980, 36, 419–460.  For a review on the synthesis of quaternary carbon stereogenic centers by 
intramolecular Heck reaction, see: (b) Overman, L. E. Pure Appl. Chem., 1994, 66, 1423–1430. (c) 
Christophers, J.; Baro A. (Eds.), Quaternary Stereocenters: Challenges and Solutions for Organic 
Synthesis, Wiley-VCH, Weinheim, 2006. 
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quaternary stereogenic centers were reported by Xie and Fukuyama, respectively [(e) and 
(f) in Figure 2.1].71 


































































Synthesis of these natural products, however, led us to the realization that there 
were limited current synthetic approaches;72 new synthetic methodologies for both all-
carbon73 and heteroatom-containing quaternary carbon stereogenic centers are needed. 74  
The most substantial impediment in developing new strategies was the lack of reactivity 
                                                
(71) (a) Overman, L. E.; Paone, D. V.; Stearns, B. A. J. Am. Chem. Soc. 1999, 121, 7702–7703. (b) Marino, 
J. P.; Rubio, M. B.; Cao, G.; de Dios, A. J. Am. Chem. Soc. 2002, 124, 13398–13399. (c) Tan, D. S.; 
Dudley, G. B.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2002, 41, 2185–2188. (d) Lin, S.; Dudley, G. B.; 
Tan, D. S.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2002, 41, 2188–2191. (e) Brown, M. K.; Hoveyda, A. 
H. J. Am. Chem. Soc. 2008, 130, 12904–12906. (f) Du, C.; Li, L.; Li, Y.; Xie, Z. Angew. Chem., Int. Ed. 
2009, 48, 7853–7856. (g) Nakajima, R.; Ogino, T.; Yokoshima, S.; Fukuyama, T. J. Am. Chem. Soc. 2010, 
132, 1236–1237.  For a review on natural products containing contiguous stereogenic quaternary carbon 
center, see: (h) Peterson, E. A.; Overman, L. E. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 11943–11948. 
(72) For a review on the enantioselective synthesis of quaternary carbon centers, see: (a) Romo, D.; 
Meyers, A. I. Tetrahedron 1991, 47, 9503–9569. (b) Fuji, K. Chem. Rev. 1993, 93, 2037–2066. (c) 
Denissova, I.; Barriault, L. Tetrahedron 2003, 59, 10105–10146. (d) Kita, Y.; Fujioka, H. Pure Appl. 
Chem., 2007, 79, 701–713. 
(73) For reviews on the enantioselective synthesis of all-carbon quaternary stereogenic centers, see: (a) 
Douglas, C. J.; Overman, L. E. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5363–5367. (b) ref 71h. 
(74) For reviews on the enantioselective synthesis of heteroatom-containing quaternary carbon stereogenic 
centers, see: (a) Betancort, J. M.; García, C.; Walsh, P. J. Synlett 2004, 749–760. (b) Riant, O.; 
Hannedouche, J. Org. Biomol. Chem., 2007, 5, 873–888.  
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and enantioselectivity of existing catalytic systems, which were employed for the 
generation of tertiary stereogenic carbon centers.  To address this current problem, many 
research groups have been exploring new synthetic pathways, catalysts and ligands.  
Some progress on development of synthetic strategies to afford quaternary stereogenic 
carbons was accomplished in enantioselective Diels-Alder reaction, intramolecular Heck 
reaction, Pd-catalyzed α-alkylation of enolates, and alkyl addition to various ketones and 
ketimines.72-74   
Another well-established enantioselective approach to generate sterogenic carbon 
centers is conjugate addition.  Compared to processes that deliver tertiary carbon 
stereogenic centers, processes to synthesize all-carbon quaternary stereogenic centers 
have not been well developed.  This chapter will discuss about our efforts toward Cu-
catalyzed enantioselective conjugate additions of diorganozinc reagents to afford all-
carbon quaternary stereogenic centers.   
2.2 Background 
Catalytic enantioselective conjugate addition (ECA) of aryl- and alkylmetals to 
α,β-unsaturated cyclic ketones remains an important transformation in organic synthesis, 
readily providing access to synthetically useful organic compounds in high enantiomeric 
purity.75  Our laboratory76 has disclosed efficient catalytic systems for enantioselective 
                                                
(75) (a) Kanai, M.; Shibasaki, M. Catalytic Asymmetric Synsthesis; 2nd ed.; Ojima, I., Ed.; Wiley-VCH: 
Weinheim, 2000; pp 569–592. For reviews on enantioselective conjugate additions, see: (b) Krause, N.; 
Hoffmann-Röder, A. Synthesis 2001, 171–196. (c) Alexakis, A.; Benhaim, C. Eur. J. Org. Chem. 2002, 
3221–3236. (d) Alexakis, A.; Bäckvall, J. E.; Krause, N.; Pàmies, O.; Diéguez, M. Chem. Rev. 2008, 108, 
2796–2823. (e) Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.; Feringa, B. L. Chem. Rev. 
2008, 108, 2824–2852. (f) Thaler, T.; Knochel, P. Angew. Chem., Int. Ed. 2009, 48, 645–648. 
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conjugate addition to various electron deficient olefins to generate tertiary carbon 
stereogenic centers.  In contrast to tremendous reports regarding tertiary stereogenic 
carbons, there are few reports regarding all-carbon quaternary stereogenic centers.  These 
reports entail mainly Cu-catalyzed ECA of β-disubstituted α,β-unsaturated carbonyl 
compounds as well as Rh-catalyzed processes.77   
2.2.a Phosphine–Cu-catalyzed ECA for All-carbon Quaternary 
Stereogenic Centers 
In 2005, the Alexakis group78 reported the first example of a synthetic protocol to 
synthesize all-carbon quaternary stereogenic centers through Cu-catalyzed ECA in 
presence of copper thiophencarboxylate (CuTC) and chiral phosphoramidite as a ligand 
(L1), which was originally developed as an auxiliary to determine enantiomeric excess by 
Feringa and later applied to Cu-catalyzed ECA.79  With the use of Me3Al or Et3Al as a 
                                                
(76) (a) Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. J. Am. Chem. Soc. 2001, 123, 755–756. (b) Mizutani, 
H.; Degrado, S. J.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 779–781. (c) Luchaco-Cullis, C. A.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 8192–8193. (d) Degrado, S. J.; Mizutani, H.; Hoveyda, A. H. 
J. Am. Chem. Soc. 2002, 124, 13362–13363. (e) Hird, A. W.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2003, 
42, 1276–1279. (f) Mampreian, D. M.; Hoveyda, A. H. Org. Lett. 2004, 6, 2829–2832. (g) Cesati, R. R. III; 
de Armas, J.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 96–101. (h) Brown, M. K.; Degrado, S. J.; 
Hoveyda, A. H. Angew. Chem., Int. Ed. 2005, 44, 5306–5310. 
(77) For Rh-catalyzed enantioselective conjugate additions to generate all-carbon quaternary stereogenic 
carbons, see: (a) Mauleón, P.; Carretero, J. C. Chem. Commun. 2005, 4961–4963. (b) Shintani, R.; Duan, 
W-L.; Hayashi, T. J. Am. Chem. Soc. 2006, 128, 5628–5629. (c) Shintani, R.; Tsutsumi, Y.; Nagaosa, M.; 
Nishimura, T.; Hayashi, T. J. Am. Chem. Soc. 2009, 131, 13588–13589.  
(78) (a) d’Augustin, M.; Palais, L.; Alexakis, A. Angew. Chem., Int. Ed. 2005, 44, 1376–1378. (b) 
Vuagnoux-d’Augustin, M.; Alexakis, A. Chem. Eur. J. 2007, 13, 9647–9662 (c) Vuagnoux-d’Augustin, 
M.; Kehrli, S.; Alexakis, A. Synlett, 2007, 13, 2057–2060. (d) Hawner, C.; Li, K.; Cirriez, V.; Alexakis, A. 
Angew. Chem., Int. Ed. 2008, 47, 8211–8214. (e) Palais, L.; Alexakis, A. Chem. Eur. J. 2009, 15, 10473–
10485. 
(79) (a) Hulst, R.; de Vries, N. K.; Feringa, B. L. Tetrahedron Asymm. 1994, 5, 699–708. (b) de Vries, A. 
H. M.; Meetsma, A.; Feringa, B. L. Angew. Chem., Int. Ed. Engl. 1996, 35, 2374–2376. For a recent review 
on phosphoramidite ligands in enatioselective catalysis, see: (c) Teichert, J. F.; Feringa, B. L. Angew. 
Chem., Int. Ed. 2010, 49, 2486–2528. 
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nucleophile, β-substituted cyclic enones proceed to undergo conjugate addition to afford 
β,β-disubstituted cyclohexanones (a) and (b) in high enantioselectivities (98:2 er and 
96.5:3.5 er, respectively, Figure 2.2.1).  As shown in (c) and (d), however, different ring 
sizes such as 5- or 7-membered cyclic enones afford lower enantioselectivities (90:10 er 
and 93:7 er, respectively) as well as β-phenyl substituted cyclohexenone (86:14 er).  
Later, with further development of their catalytic system, the corresponding β-aryl-β-
alkyl cyclic ketones are obtained through conjugate additions of various aryl-
diethylaluminium reagents in high enantioselectivities, but moderate isolated yields in 
presence of slightly modified phosphoramidite ligand (L2) [(f)–(h), Scheme 2.2.1].78d     










2 mol % CuTC
1.4 equiv R3Al or ArAlEt2































































(10 mol % CuTC and 11 mol % L2 at –10 °C)
or
 
Another example of the phosphoramidite–copper based catalytic system is 
enantioselective conjugate additions of alkylzinc reagents.  In 2006, Fillion and co-
workers disclosed Cu-catalyzed conjugate additions to highly reactive α,β-unsaturated 
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carbonyls derived from Meldrum’s acid.80  As illustrated in Scheme 2.2.2, diethylzinc 
addition to 5-(1-phenylethylidene) Meldrum’s acid affords product (a) in 95% yield and 
92:8 er.  While sterically hindered ortho-methylphenyl variant does not proceed at all and 
meta-substitution on the phenyl group (c) decreased enantioselectivity to 89:11 er, para-
substitution helps to afford high enantioselectivity [94.5:5.5 er, (d) in Scheme 2.2.2].  
Electronically modified substrates, however, does not affect the enantiomeric purities of 
the desired products [96.5:3.5 er for (e) and 96:4 er for (f)].  Later, the substrate scope 
was further expanded to electronically more activated ester- and thioester-containing α,β-
unsaturated carbonyls derived from Meldrum’s acid, which affords corresponding 
dicarbonyl compounds in high yield and enantioselectivity [(g)–(j) in Scheme 2.2.2].  
This protocol is highly efficient toward only β-aryl-β-akyl substrates, leaving further 
studies involving β,β-dialkyl substituted substrates to be completed.  
                                                
(80) (a) Fillion, E.; Wilsily, A. J. Am. Chem. Soc. 2006, 128, 2774–2775. (b) Wilsily, A.; Fillion, E. Org. 
Lett. 2008, 10, 2801–2804. (c) Wilsily, A.; Fillion, E. J. Org. Chem. 2009, 74, 8583–8594. 
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5 mol % Cu(OTf)2, R2Zn





























































































92:8 er  
2.2.b NHC–Cu-catalyzed ECA for All-carbon Quaternary Stereogenic 
Centers 
In 2006, Mauduit and Alexakis reported an efficient method for Cu-catalyzed 
ECA of Grignard reagents.81,82  As depicted in Scheme 2.2.3, to generate all-carbon 
                                                
(81) For NHC–Cu catalyzed enantioselective conjugate additions to prepare tertiary stereogenic carbons, 
see: (a) Guillen, F.; Winn, C. L.; Alexakis, A. Tetrahedron Aymmetry 2001, 12, 2083–2086. (b) Pytkowicz, 
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quaternary stereogenic centers, Cu-catalyzed conjugate additions of Grignard reagents to 
unactivated cyclic enones are promoted in the presence of bidentate NHC ligands, which 
are originally developed for conjugate addition of dialkylzinc reagents for generation of 
tertiary stereogenic carbon centers in moderate enantioselectivities.83  In this protocol, 
slow addition of the Grignard reagents is required for optimal levels of enantioselectivity 
and only the conjugate adduct is obtained (vs 1,2-addition product) with moderate 
enantioselectivity (83:17–92.5:7.5 er), except two examples including (b) in Scheme 
2.2.3. 












































3 mol % Cu(OTf)2
(a)
 
                                                
J.; Roland, S.; Mangeney, P. Tetrahedron Aymmetry 2001, 12, 2087–2089. (c) Ma, Y.; Song, C.; Ma, C.; 
Sun, Z.; Chai, Q.; Andrus, M. B. Angew. Chem., Int. Ed. 2003, 42, 5871–5874. (d) Alexakis, A.; Winn, C. 
L.; Guillen, F.; Pytkowicz, J.; Roland, S.; Mangeney, P. Adv. Synth. Catal. 2003, 345, 345–348. (e) Arnold, 
P. L.; Rodden, M.; Davis, K. M.; Scarisbrick, A. C.; Blake, A. J.; Wilson, C. Chem. Commun. 2004, 1612–
1613. (f) Clavier, H.; Coutable, L.; Guillemin, J.-C.; Mauduit, M. Tetrahedron Aymmetry 2005, 16, 921–
924. 
(82) Martin, D.; Kehrli, S.; d’Augustin, M.; Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. Chem. Soc. 
2006, 128, 8416–8417. 
(83) (a) ref 12f. (b) Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J.-C.; Mauduit, M. J. Organomet. 
Chem. 2005, 690, 5237–5254. 
- 177 - 
As shown in Scheme 2.2.4, Tomioka and coworkers also reported Cu-catalyzed 
ECA of Grignard reagents to unactivated cyclohexenones in 2008.84  In their catalytic 
system, a monodentate C2-symmetric NHC–Cu complex promotes conjugate additions; 
ortho-methoxy groups on the ligand are necessary for optimal enantioselectivities.  Alkyl 
Grignard reagents are efficient and selective, except methylmagnesium bromide and aryl 
Grignard reagents which afford products in low enantioselectivities (<67:33 er).  



























RMgBr, 0 °C, Et2O, 30 min
 
2.2.c Cu-catalyzed ECA of Dialkylzinc Reagents with Amino Acid-
based Chiral Phosphine Ligands for All-carbon Quaternary 
Stereogenic Centers 
In the Hoveyda group, we have disclosed several protocols for Cu-catalyzed ECA 
to generate all-carbon quaternary stereogenic centers in presence of amino acid-based 
chiral phosphine ligands, which were developed in this laboratory and utilized for many 
alkylation transformations.85  In 2005, we reported the enantioselective synthesis of 
                                                
(84) Matsumoto, Y.; Yamada, K.-i.; Tomioka, K. J. Org. Chem. 2008, 73, 4578–4581. 
(85) Hoveyda, A. H.; Hird, A. W.; Kacprzynski, M. A. Chem. Commun, 2004, 1779–1785. 
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nitroalkanes by ECA of alkylzinc reagents to trisubstituted nitroalkenes. 86  
Enantioselective conjugate additions of Et2Zn and (n-Bu)2Zn to nitroalkene 2.2 are 
carried out in the presence of 5 mol % amino acid-based phosphine 2.1 with a catalytic 
amount of (CuOTf)2•C6H6 to afford conjugate addition products 2.3 and 2.4 in high 
enantioselectivities (97:3 er and 96.5:3.5 er, respectively, Scheme 2.2.5).  p-Chloro 
phenyl- and napthyl-containing nitroalkanes (2.5 and 2.6) are isolated in 76% and 79% 
yield with the highest enantioselectivities (99:1 er and 97.5:2.5 er, respectively).  For the 
nitroalkene bearing the larger i-Pr group at the β-position, phosphine ligand 2.8 is 
employed for highly enantioselective ECA to afford 2.7 in 84% yield and 96.5:3.5 er (vs 
53% yield and 89.5:10.5 er with ligand 2.1).   













2 mol % (CuOTf)2•C6H6












































Another report from our laboratories is Cu-catalyzed ECA of alkylzinc reagents to 
tetrasubstituted α,β-unsaturated cyclic enones.87  As depicted in Scheme 2.2.6, a catalytic 
amount of amino acid-based phosphine 2.10 and CuCN promote conjugate additions of 
                                                
(86) Wu, J.; Mampreian, D. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 4584–4585. 
(87) Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 14988–14989. 
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various alkylzinc reagents to tetrasubstituted enone 2.9 to afford quaternary stereogenic 
centers in high yield and selectivities: additions of Et2Zn and (n-Bu)2Zn to enone 2.9 
deliver 2.11 (89% yield and 95:5 er) and 2.13 (92% yield and 97.5:2.5 er), and sterically 
bulky (i-Pr)2Zn and acetate-containing dialkylzinc reagents afford the corresponding 
ketones 2.14 (>98% yield and 95:5 er) and 2.15 (74% yield and 97.5:2.5 er).  Substrates 
containing a smaller substitutent (methylester vs t-butylester) or a smaller ring size such 
as five-membered cyclic enones lead to slightly less enantioselective processes (91:9 er 
for 2.16 and 88.5:11.5 er for 2.17, Scheme 2.2.6).  Decarboxylation of the conjugate 
addition products is efficient through treatment of the β-ketoester 2.11, for example, with 
NaCl and water in DMSO upon heating to provide the cyclic ketone 2.12 in 93% yield. 










2 mol % CuCN
R2Zn, toluene




























































However, in spite of efforts with various amino acid-based chiral phosphine 
ligands in combination with various copper salts, ECAs of alkylzinc reagents to 
unactivated cyclic enones were not efficient (<20% conversion, eq 1).  










Chiral N-heterocyclic carbenes, which were originally developed for Ru-catalyzed 
olefin metathesis and enantioselective allylic alkylations in this laboratory, prompted us 
to investigate application of these NHCs to ECA in order to overcome the limitation of 
current methods with amino acid-based phosphine ligands. 
2.3 NHC–Cu-catalzed ECA of Dialkyl- and Diarylzinc Reagents to 
Unactivated β-Substituted α ,β-Unsaturated Cyclic Enones to 
Generate All-carbon Quaternary Stereogenic Centers88 
In Woodward’s report on NHC–Cu-catalyzed conjugate addition in 2001,89 the 
strong σ-donation effect of the Lewis basic NHC accelerated additions of dialkylzinc 
reagents to simple unsaturated carbonyls by stabilization of the Cu(III) intermediate.  
Based on this initial study, we decided to investigate chiral NHC–Cu-catalyzed ECAs of 
alkyl- and arylzinc reagents to unactivated β-substituted α,β-unsaturated cyclic enones.   
As illustrated in Scheme 2.3.1, our research group has developed two types of 
NHCs: NHC–Ag I derived from a chiral binapthyl derivative NOBIN and NHC–Ag II 
containing chiral backbone on the heterocycle.90  Both bidentate NHC–Ag complexes 
                                                
(88) Lee, K.-s.; Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 7182–7184.   
(89) Fraser, P. K.; Woodward, S. Tetrahedron Lett. 2001, 42, 2747–2749. 
(90) (a) Van Veldhuizen, J. J.; Garber, S. B.; Kingsbury, J. S.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 
124, 4954–4955. (b) Van Veldhuizen, J. J.; Gillingham, D. G.; Garber, S. B.; Kataoka, O.; Hoveyda, A. H. 
J. Am. Chem. Soc. 2003, 125, 12502–12508. (c) Larsen, A. O.; Leu, W.; Oberhuber, C. N.; Campbell, J. E.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 11130–11131. (d) Van Veldhuizen, J. J.; Campbell, J. E.; 
Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877–6882.   
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were prepared from chiral imidazolinium salts 2.18 and 2.19 upon treatment of Ag2O in 
≥97% yield and converted into the corresponding NHC–Cu I and NHC–Cu II with 
CuCl2•2H2O in 95% yield.  All four NHC–Ag and Cu complexes exist as head-to-tail 
dimers both in solid and in solution state. 




























































To investigate NHC–Cu-catalyzed ECA of various alkyl- and arylzinc reagents to 
unactivated β-substituted α,β-unsaturated cyclic enones, we began by probing the ability 
of NHC–Cu I and II complexes in the conjugate addition of diethylzinc to β-methyl 
cyclohexenone 2.20.  As shown in Scheme 2.3.2, conjugate addition in presence of 2.5 
mol % of NHC–Cu I affords ketone 2.21 bearing an all-carbon quaternary stereogenic 
center in 32% conversion and 86:14 er.  NHC–Cu II complex is slightly more efficient 
but less selective (53% conv and 79.5:20.5 er).  Next, we examined in situ generated 
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NHC–Cu complexes derived from NHC–Ag complexes and CuCl2•2H2O.  With NHC–
Ag I, both conversion and enantioselectivity are decreased in ECA (13% conv and 73:27 
er).  A sterically modified variant of NHC–Ag I, where a 2,6-di-isopropylphenyl group is 
linked with nitrogen instead of the mesityl unit, resulted in even more decreased 
reactivity (7% conv and 65:35 er, not shown).  But with NHC–Ag II, the efficiency and 
selectivity remain similar to that of the preformed NHC–Cu II (56% conv and 74:26 er). 
Scheme 2.3.2. Initial Screening of NHC–Ag Complexes and NHC–Cu Catalysts 
O
Me
Et2Zn, Et2O, –30 °C, 48 h




















































(5 mol % CuCl2•2H2O)
13% conv
73:27 er  
After optimization of the reaction conditions such as solvent, the amount of 
catalyst loading, catalyst/ligand ratio, and reaction temperauture, it was found that 2.5 
mol % (CuOTf)2•C6H6  with 2.5 mol % NHC–Ag II efficiently promoted ECA of 
diethylzinc to β-methylcyclohexenone 2.20 in Et2O at –30 °C.  To increase the efficiency 
of ECA, we further investigated various in situ generated NHC–Cu complexes.  As 
depicted in Table 2.3.1, various Cu(I) and Cu(II) salts were examined along with NHC–
Ag II complex.  Several trends are noteworthy: Cu(I) salts (entries 1, 3, 5, and 7) are 
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generally much more efficient than corresponding Cu(II) salts (entries 2, 4, 6, and 8) 
affording ketone 2.21 in 92–99% conversion [vs 28–58% conversion with Cu(II) salts] as 
well as slightly higher enantioselectivities with Cu(I) salts.  The reactivity difference 
between Cu(I) and Cu(II) salts may be due to the slow reduction rate of Cu(II) to Cu(I) 
under the reaction conditions, or low solubility of Cu(II) salts in Et2O.  With 
commercially available (CuOTf)2•toluene and CuTC, the desired product is isolated with 
high enantiomeric purities (94.5:5.5 er, entries 5 and 18 in Table 2.3.1).  The highest 
enantioselectivity is obtained with freshly prepared (CuOTf)2•C6H6 delivering 2.21 in 
97% conversion and 97.5:2.5 er (entry 15).    




Et3 equiv. Et2Zn, Et2O, –30 °C, 48 h
2.5 mol % NHC–Ag II
5 mol % Cu salts
entry             Cu salts                                
   1                 CuCl                                     
   2                 CuCl2•2H2O                    
   3                 CuBr                                    
   4                 CuBr2                              
   5                 (CuOTf)2•toluenec         
   6                 Cu(OTf)2                       
   7                 CuOAc                             
   8                 Cu(OAc)2•H2O               
   9                 CuCN                        
  10                CuI                                        
  11                CuBr•SMe2                                 
  12                Cu(OMe)2                                    
  13                Cu(Oi-Pr)2                                  
  14                Cu(II)trifluoroacetylacetonate     
  15c               (CuOTf)2•C6H6                          
  16                (MeCN)4CuPF4                         
  17                Cu(naphthenate)2                      
  18                CuTC
Me
a Determined by analysis of 400 1H NMR spectra of unpurified mixtures. 





















































Further optimization of reaction conditions was performed. As shown in Table 
2.3.2, ECA of diethylzinc to enone 2.20 affords 2.21 in 94% conversion and 96.5:3.5 er 
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after only 6 h (entry 3).  When this optimized condition is applied to a reaction with 
NHC–Ag I and (CuOTf)2•C6H6, reactivity and selectivity are improved delivering 2.21 in 
85% conv and 98:2 er.  Cu-catalyzed ECA with NHC–Ag I, however, is less efficient 
than a reaction with NHC–Ag II (48 h vs 6 h, not shown).  





Et3 equiv. Et2Zn, Et2O, –30 °C
2.5 mol % NHC–Ag II
2.5 mol % (CuOTf)2•C6H6
time (h) conv (%)a erb
a Determined by analysis of 400 1H NMR spectra of



















Based on the optimized reaction conditions, we have examined the utility of 
NHC–Ag II in promoting Cu-catalyzed ECAs to various β-disubstituted α,β-unsaturated 
cyclic ketones.  As shown in the Scheme 2.3.3, dialkylzinc reagents allow for the 
efficient and selective formation of the corresponding cyclic ketones containing all-
carbon quaternary stereogenic centers.  Diethyl- or dibutylzinc additions to β-alkyl 
substituted cyclohexenones are facile affording ketone 2.22 and 2.23 in 83% and 92% 
yields with 93:7 er and 92:8 er, respectively.  β-Aryl or β-alkynyl group substituted 
cyclohexenones, however, require either higher catalyst loading (10 mol %) or higher 
reaction temperature (–15 ºC) for efficient conversion to products 2.24 (85% yield with 
95:5 er) and 2.25 (78% yield with 87:13 er).  Additions to β-alkyl substituted 
cycloheptenones are less enantioselective (88:12–92.5:7.5 er, 2.26–2.28) and slower than 
additions to six-membered ring substrates requiring 15 mol % of catalyst especially for 
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2.28.  Conversion is diminished in the ECA to eight-membered cyclooctenone providing 
2.29 in 34% yield with 77:23 er.  Sterically demanding (i-Pr)2Zn and less reactive Me2Zn 
as well as reaction to β-substituted cyclopenteone are not efficient even with higher 
catalyst loading and at elevated reaction temperatures (i.e., 22 ºC).   




3 equiv. (alkyl)2Zn 
Et2O, –30 °C, 6–48 h
2.5 mol % NHC–Ag II



































































n( ) n( )
 
The Cu-catalyzed reaction conditions can also be applied to ECA of diarylzinc 
reagents.  As illustrated in Scheme 2.3.4, diphenylzinc can efficiently add to β-alkyl 
substituted cyclohexenones affording ketones 2.24, 2.31, and 2.32 in 88–95% yield.  The 
enantioselectivity is slightly higher than the corresponding diethylzinc additions 
(94.5:5.5–98.5:1.5 er).  ECA of electron-rich p-methoxyphenylzinc is facile and selective 
(89% yield and 95:5 er) after a brief solvent screening (30% conv and 88:12 er in Et2O), 
whereas electron-withdrawing (p-CF3C6H4)2Zn give rise to <5% conversion (2.34 in 
Scheme 2.3.4).  ECA of Ph2Zn was extended to a seven-membered cycloheptenone 
resulting 2.35 in 88% yield and 98:2 er.  ECAs of arylmetal reagents to generate all-
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carbon quaternary stereogenic centers, to the best of our knowledge, have not been 
reported previously.91,92 




3 equiv. (aryl)2Zn 
Et2O, –30 °C, 48 h
2.5 mol % NHC–Ag II













































The Zn–enolate intermediates resulting from ECA process can be functionalized 
by trapping with various electrophiles.  As depicted in Scheme 2.3.5, enolsilane 2.36–
2.38 can be prepared in >98% regioselectivity and high yield (≥90% yield) when the Zn-
enolates derived from additions of diethyl- or diphenylzinc reagents to cyclic enones are 




                                                
(91) For a report on Rh-catalyzed ECA of arylboronic acids to afford all-carbon quaternary centers, see: ref 
77. 
(92) After our report, Mauduit and Tomioka subsequently disclosed Cu-catalyzed ECA of PhMgBr to 
afford all-carbon quaternary stereogenic centers, however low levels of enantioselectivities (83:17 er) were 
observed, see: ref 82 and 84.  
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3 equiv. R2Zn 
Et2O, –30 °C, 48 h;
TMSOTf, –78 °C to 22°C
2.5 mol % NHC–Ag II











The other regeoisomeric enolsilanes can be synthesized from the products of 
ECAs by regioselective deprotonations.  Enolsilanes 2.39 and 2.40 are prepared by 
deprotonation of the conjugate addition products with LiTMP and TMSOTf (≥93% yield 
and 88:12 and 91:9 regioselectivities, Scheme 2.3.6).  The enolsilanes can be further 
functionalized in various organic transformations.93  

















MeTMSOTf, 15 min, –78 °Cn( )
 
In a similar fashion, enoltriflate 2.41 can be obtained from ECA of diethylzinc to 
cyclohexenone 2.20, followed by trapping with Tf2O in complete regioselectivity and 
93.5:6.5 er with quantitative yield (Scheme 2.3.7).  This enoltriflate can be further 
converted into phenylcyclohexene 2.42 in 77% yield by Pd-catalyzed cross coupling 
reaction with phenylboronic acid.94 
 
 
                                                
(93) For further functionalization of enolsilanes derived from ECA reactions, see: Knopff, O.; Alexakis, A. 
Org. Lett. 2002, 4, 3835–3837 and references cited therein. 
(94) (a) Ritter, K. Synthesis 1993, 8, 735–762. (b) Suárez, R. M.; Pena, D.; Minnaard, A. J.; Feringa, B. L. 
Org. Biomol. Chem. 2005, 3, 729–731. 
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Scheme 2.3.7  Regioselective Synthesis of Enoltriflates and Functionalization 
O
Me
2.5 mol % NHC–Ag II
2.5 mol % (CuOTf)2•C6H6
OTf
MeEt
10 mol % Pd(OAc)2









Et2Zn, Et2O, –30 °C, 48 h;
Tf2O, –30 °C → 22 °C, 1 h
PhB(OH)2, THF, 22 °C
10 min; aq. KOH (45 min)
 
The Cu-catalyzed ECA can be performed under operationally simple reaction 
conditions.  As shown in entry 1 and 3 of Table 2.3.3, commercially available CuOAc 
and (CuOTf)2•toluene promote ECAs to afford 2.21 with slightly decreased 
enantioselectivities (94.5:5.5 er).  Furthermore, with commercially available Cu salts, 
with setup on the benchtop, and in undistilled solvent, ECA of diethylzinc to 2.20 
proceeds efficiently to provide 2.21 in 85–86% yield and without decrease in 
enantioselectivities [95:5 er with CuOAc and 97.5:2.5 er with (CuOTf)2•toluene].  This 
result indicates that the use of commercial Cu salts does not give rise to byproducts as 
judged by the comparison of conversion and isolated yield: 85% conversion with 83% 
yield in entry 4. 






3 equiv. Et2Zn 
Et2O, –30 °C, 6 h
2.5 mol % NHC–Ag II
2.5 mol % (CuOTf)2•C6H6









98 96 94.5:5.5 glovebox, distilled Et2O
86 86 95:5 benchtop, undistilled Et2O
benchtop, undistilled Et2O




 92% yield, 96.5:3.5 er
2.20 2.21
 
NHC–Cu-catalyzed ECAs of dialkylzinc and diarylzinc reagents proceed in the 
opposite sense of enantiomeric induction.  As depicted in Scheme 2.3.8, the 
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enantiomerically enriched β-ethyl-β-phenyl cyclohexanone 2.24 is obtained through 
diethylzinc addition to 2.43 in the presence of NHC–Cu complex derived from NHC–Ag 
II and (CuOTf)2•C6H6 with 95:5 er.  The same product 2.24 is also prepared by ECA of 
diphenylzinc to enone 2.44 in 97:3 er.  In order to understand the different face of 
enantiomeric induction between additions of dialkylzinc and diarylzinc reagents, as well 
as to get more detailed insight into the observed enantioselectivity in NHC–Cu-catalyzed 
ECA, preliminary mechanistic models were proposed.  























As illustrated in Scheme 2.3.9, with Et2Zn, cuprate I is formed from NHC–Cu 
complex by transmetallation of the Cu salt to NHC–Ag II.  Upon addition of the 
substrate, the olefin portion of the cyclohexenone will coordinate to form either 
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intermediate II or III.95  The substrate approach mode II, expected to deliver the opposite 
enantiomer, should be less favored as a result of steric interaction between the β-
substituent of the cyclohexenone and the phenyl moiety of the dissymmetric biphenyl 
group on the N-heterocycle of the NHC–Cu complex.  Thus, for the ECA of dialkylzinc 
reagents, coordination mode III would be favorable due to relatively smaller steric 
repulsion between the oxygen of enone and the phenyl moiety in the biphenyl group.  
Upon oxidative addition96 of intermediate III, Cu (III) intermediate IV would be formed.  
Since NHC–Cu (III) intermediate IV, compared to phosphine–Cu (III) intermediate, is 
thermodynamically stabilized due to the strong σ-donating ability of the NHC, the 
equilibrium between intermediate III and IV is likely more toward the NHC-Cu (III) 
intermediate IV.  Strong trans-effect of the NHC, resulting in weakening of Cu–C bonds, 
helps facile reductive elimination97 from intermediate IV to afford enantiomerically 
enriched Zn-enolate V as the ECA product and regenerate NHC–Cu (I) complex, which 
is converted into cuprate I by reaction with diethylzinc.98,99  Furthermore, as a result of 
                                                
(95) For a recent report on a Cu-enone complex, see: Bertz, S. H.; Carlin, C. M.; Deadwyler, D. A.; 
Murphy, M. D.; Ogle, C. A.; Seagle, P. H. J. Am. Chem. Soc. 2002, 124, 13650–13651. 
(96) For recent studies about Cu (III) intermediates, see: (a) Bertz, S. H.; Cope, S.; Murphy, M.; Ogle, C. 
A.; Taylor, B. J. J. Am. Chem. Soc. 2007, 129, 7208–7209. (b) Hu, H.; Snyder, J. P. J. Am. Chem. Soc. 
2007, 129, 7210–7211. (c) Bartholomew, E. R.; Bertz, S. H.; Cope, S.; Dorton, D. C.; Murphy, M.; Ogle, 
C. A. Chem. Commun. 2008, 1176–1177. (d) Bartholomew, E. R.; Bertz, S. H.; Cope, S.; Murphy, M.; 
Ogle, C. A. J. Am. Chem. Soc. 2008, 130, 11244–11245. 
(97) For reports regarding the reductive elimination step in conjugate additions, see: (a) Frantz, D. E.; 
Singleton. D. A.; Snyder, J. P. J. Am. Chem. Soc. 1997, 119, 3383–3384. (b) Nakamura, E.; Mori, S.; 
Morokuma, K. J. Am. Chem. Soc. 1997, 119, 4900–4910. (c) Mori, S.; Nakamura, E. Chem. Eur. J. 1999, 
5, 1534–1543. 
(98) For reviews on mechanistic studies of conjugate additions, see: (a) Nakamura, E.; Mori, S. Angew. 
Chem. 2000, 39, 3750–3771. (b) Woodward, S. Chem. Soc. Rev. 2000, 29, 393–401. 
(99) For reports on detailed mechanism of Cu-catalyzed conjugate addition, see: (a) Kitamura, M.; Miki, 
T.; Nakano, K.; Noyori, R. Bull. Chem. Soc. Jpn. 2000, 73, 999–1014. (b) Pfretzschner, T.; Kleemann, L; 
Janza, B.; Harms, K.; Schrader, T. Chem. Eur. J. 2004, 10, 6048–6057. (c) Gallo, E.; Ragaini, F.; Bilello, 
L.; Cenini, S.; Gennari, C.; Piarulli, U. J. Organomet. Chem. 2004, 689, 2169–2176. (d) Harutyunyan, S. 
- 191 - 
Lewis base activation100 by the NHC, Cu (III) intermediate IV becomes more Lewis 
acidic, allowing more facile reductive elimination. 


















































For the ECAs of diarylzinc reagents, however, the substrate approach mode III 
would be favorable over mode II (Scheme 2.3.10); the steric interaction between the β-
substituent of the enone and the aryl moiety on the cuprate becomes a dominant steric 
factor (mode II).  To release this steric repulsion, ECA might proceed through 
intermediate III, where the steric interaction between the β-substituent of the enone and 
the phenyl moiety of the dissymmetric biphenyl group is now relatively smaller.  Thus 
                                                
R.; López, F.; Browne, W. R.; Correa, A.; Peña, D.; Badorrey, R.; Meetsma, A.; Minnaard, A. J.; Feringa. 
B. L. J. Am. Chem. Soc. 2006, 128, 9103–9118. (e) Zhang, H.; Gschwind, R. M. Chem. Eur. J. 2007, 13, 
6691–6700. 
(100) Denmark, S. E.; Beutner, G. L. Angew. Chem., Int. Ed. 2008, 47, 1560–1638. 
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oxidative addition of cuprate III gives rise to Cu (III) intermediate IV, where the aryl 
group is added to the front-face of the substrate.  The ECA product, Zn-enolate V, is 
obtained after the reductive elimination, along with NHC-Cu I complex with treatment of 
arylzinc reagent. 
















































The limitations of the current method to generate all-carbon quaternary 
stereogenic centers thorough ECAs are depicted in Scheme 2.3.11.  ECAs of various 
alkyl- or arylzinc reagents to β-substituted cyclopentenone and sterically hindered 
isophorone are not efficient even at the elevated reaction temperatures (<2% conv, 2.45 
and 2.46).  Additions of sterically demanding diisopropylzinc and less reactive 
dimethylzinc reagents to cyclic enones are inefficient.  ECAs of dialkylzinc to 
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cycloheptenones and cyclooctenones require higher catalyst loadings (10–15 mol %) 
affording products in low yield (i.e., 34% yield for 2.29).   










3 equiv. R2Zn, Et2O, temp., 48 h
2.5 mol % NHC–Ag II




























<2% conv, R= Et, n-Bu, or Ph, –30 to 22 °C
 
This limited reactivity as well as enantioselectivity of the current process led us to 
further develop more active catalysts.  Our research laboratory has synthesized sulfonate-
containing NHC–Ag III complex,101 an electronically modified variant of NHC–Ag II, 
originally developed for Ru-catalyzed enantioselective olefin metathesis reactions.  
Further efforts toward developing new ligands drove us to synthesize various 
complexes.102  As shown in Scheme 2.3.12, NHC–Ag VI and VII are prepared with 
changing the location of an electron-donating methoxy group (para-position of mesityl 
unit in NHC–Ag VI vs para-positon to the sulfonate group in NHC–Ag VII).  To 
compare electronic effects of substituents on the NHC, we also prepared NHC–Ag VIII, 
where an electron-withdrawing p-CF3 group is located at the para-position relative to the 
                                                
(101) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–
1100. 
(102) For the detailed synthetic route for NHC–Ag V-VIII complexes, see: Chapter 1.3. 
- 194 - 
sulfonate moiety.  Furthermore, a carboxylate group-containing NHC–Ag V was 
synthesized in anticipation of observing differences in the inductive effects.  






























































With these NHC–Ag complexes in hand, we investigated ECAs of dialkyl- and 
diarylzinc reagents to various cyclic enones.  As shown in Scheme 2.3.13, ECAs of Et2Zn 
and Ph2Zn to the β-methyl cyclohexenone in the presence of sulfonate-containing NHC–
Ag III and NHC–Ag VI–VIII as well as NHC–Ag V afford 2.21 and 2.31 in slightly 
decreased conversion (59–98% conv for 2.21 and 36–64% conv for 2.31), and in 
significantly lower enantioselectivities, compared to the result with NHC–Ag II.  The 
efficiency of ECA of sterically demanding diisopropylzinc and less reactive dimethylzinc 
reagents with NHC–Ag II complex, however, are improved slightly to afford 2.27, 2.30, 
and 2.31 in appreciable conversions (12–46%) with moderate enantioselectivities (76:24–
93.5:6.5 er).  The most improved reactivities with newly developed NHC–Ag complexes 
were found with ECAs of Et2Zn to less reactive substrates such as β-phenyl 
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cyclohexenone (2.24), and β-alkyl substituted cycloheptenone and cyclooctenone (2.28 
and 2.29); with NHC–Ag III and VI, 2.28 is obtained in 84–98% conversions with a 
slight decrease in enantioselectivity (57:43 er).  ECA in the presence of NHC–Ag III 
delivers cyclooctanone 2.29 in 87% conversion (vs 35% conv with NHC–Ag II) without 
a decrease in enantioselectivity (77.5:22.5 er). 

















NHC–Ag II: 94% conv, 96.5:3.5 er
NHC–Ag III: 98% conv, 71:29 er
NHC–Ag VI: 80% conv, 73.5:26.5 er
NHC–Ag VII: 77% conv, 69.5:30.5 er
NHC–Ag VIII: 92% conv, 63:37 er
NHC–Ag V: 59% conv, 74.5:25.5 er
2.31
NHC–Ag II: <5% conv
NHC–Ag III: 19% conv, 84:16 er
NHC–Ag VI: 12% conv, 93.5:6.5 er
NHC–Ag VII: 13% conv, 86.5:13.5 er





NHC–Ag II: 96% conv, 98.5:1.5 er
NHC–Ag III: 64% conv, 58:42 er
NHC–Ag VI: 59% conv, 57.5:42.5 er
NHC–Ag VII: 36% conv, 35.5:64.5 er
NHC–Ag VIII: 47% conv, 43.5:56.5 er
NHC–Ag V: 59% conv, 78:22 er
2.29
NHC–Ag II: 35% conv, 77:23 er
NHC–Ag III: 87% conv, 77.5:22.5 er
O
R'
3 equiv. R2Zn 
Et2O, –30 °C, 48 h
2.5 mol % NHC–Ag
2.5 mol % (CuOTf)2•C6H6
n( )
2.30
NHC–Ag II: <5% conv
NHC–Ag III: 23% conv, 76:24 er





NHC–Ag II: 85% conv, 95:5 er
NHC–Ag III: 97% conv, 86:14 er
NHC–Ag VI: 87% conv, 87:13 er
NHC–Ag VII: 97% conv, 80:20 er
NHC–Ag V: 75% conv, 82.5:17.5 er
2.27
NHC–Ag II: <5% conv
NHC–Ag III: 46% conv, 79.5:20.5 er
NHC–Ag VI: 39% conv, 82.5:17.5 er
2.28
NHC–Ag II: 34% conv, 89:11 er
NHC–Ag III: 98% conv, 57.5:42.5 er





Further improvement was accomplished in ECAs of zinc reagents to β-alkyl 
substituted cyclopentenones.103,104  As illustrated in Scheme 2.3.14, in the presence of 
                                                
(103) Unpublished results by Mikiko Akiyama. 
(104) (a) Escher, I. H.; Pfaltz, A. Tetrahedron 2000, 56, 2879-2888. (b) ref 7a. (c) Liang, L.; Au-Yeung, T. 
T.-L.; Chan, A. S. C. Org. Lett.  2002, 4, 3799-3801. 
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NHC–Ag III, ECAs to various cyclopentenones, which are inactive with NHC–Ag II, 
furnish 2.49–2.52 bearing all-carbon quaternary stereogenic centers in high 
enantioselectivities (95.5:4.5–97:3 er), but with moderate efficiencies (20–71% yields). 
Scheme 2.3.14  Cu-Catalyzed ECA to Unactivated Cyclic Pentenones  
Me
O 2.5 mol % NHC–Ag-III















30% conv, 20% yield
97:3 er
2.51
78% conv, 71% yield
97:3 er
2.52
66% conv, 58% yield
96.5:3.5 er
2.48

















NHC–Ag III  
The low reactivity of β-substituted cyclopentenones is overcome by the use of 
activated cyclic γ-ketoesters.101  ECA of the less reactive dimethylzinc reagent to enone 
2.53 efficiently proceeds to furnish product 2.54 in presence of NHC–Ag II and III 
(>98% conv) with high enantioselectivities (92.5:7.5 er with NHC–Ag II and 91.5:8.5 er 
with NHC–Ag III).  The NHC–Cu complex derived from NHC–Ag I and a Cu salt, 
however, is not efficient.  In the case of tert-butyl ester group-containing substrate, ECA 
with NHC–Ag III is significantly more selective (92:8 er vs 65:35 er with NHC–Ag II) 
and efficient (>98% conv with NHC–Ag III) than reactions with NHC–Ag I and II 
(<10% conv and 15% conv, respectively).  As shown for 2.56 and 2.57 in Scheme 2.3.15, 
in presence of NHC–Ag III, higher enantioselectivities are observed in ECAs to six-
membered ring enones.  Further optimization of the reaction conditions revealed that t-
BuOMe as solvent provides higher selectivities.  As shown in Scheme 2.3.16, ECAs of 
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less reactive Me2Zn and sterically bulky (i-Pr)2Zn to various cyclic γ-ketoesters furnish 
2.54–2.60 in 64–89% yield and up to 96:4 er.  Diphenylzinc additions to 5- and 6-
membered cyclic substrates also proceed; 2.61 and 2.62 are isolated in 72% and 98% 
yield with 90.5:9.5 and 91:9 er.  With NHC–Ag II, 2.63 is obtained in higher 
enantiomeric purity (96.5:3.5 er vs 41.5:58.5 er with NHC–Ag III).  
Scheme 2.3.15  Cu-Catalyzed ECA of Me2Zn to Activated Cyclic Enones 
2.54
NHC–Ag I: <10% conv
NHC–Ag II: >98% conv, 92.5:7.5 er
NHC–Ag III: >98% conv, 91.5:8.5 er
2.55
NHC–Ag I: <10% conv
NHC–Ag II: 15% conv, 65:35 er
NHC–Ag III: >98% conv, 92:8 er
2.56
NHC–Ag I: 63% conv, 83:17 er
NHC–Ag II: >98% conv, 61.5:38.5 er
NHC–Ag III: >98% conv, 87.5:12.5 er
2.57
NHC–Ag I: 60% conv, 86.5:13.5 er
NHC–Ag II: >98% conv, 66.5:33.5 er















3 equiv. Me2Zn 
Et2O, –30 °C, 21 h
2.5 mol % NHC–Ag
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Scheme 2.3.16  Cu-Catalyzed ECA to Activated Cyclic Enones with NHC–Ag III 
2.59

















































CO2Me3 equiv. R2Zn t-BuOMe, –30 °C, 15 h
2.5 mol % NHC–Ag III








96.5:3.5 er  
Further efforts toward ECAs to generate all-carbon quaternary stereogenic centers 
led us to develop a more practical method for additions to unactivated enones.105  In 
addition to NHC–Ag I–III, sterically modified variants of NHC–Ag III were 
synthesized (NHC–Ag IIIa–b), where one phenyl group on the backbone of the 
heterocycle is installed instead of two phenyl groups in NHC–Ag III.  All variants of 
NHC–Ag III are more efficient (56–88% conv) than NHC–Ag I and II (<2% conv) in 
ECA of trimethylaluminum to β-alkyl substituted cyclopentenone 2.64.  The highest 
enantiomeric induction to 2.65 is observed in the presence of NHC–Ag IIIb, which 






                                                
(105) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7358–7362. 
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Scheme 2.3.17  Cu-Catalyzed ECAs of Me3Al to Unactivated Cyclic Enones 
2.5 mol % NHC–Ag




3 equiv Me3Al, thf




















































































ECAs of various trialkylaluminum reagents to unactivated β-alkyl substituted 
cyclopentenones afford the corresponding conjugate adducts 2.49–2.50 and 2.66–2.69 in 
80–97% yields with excellent enantioselectivities up to 98:2 er, where NHC–Ag IIIa and 
IIIb are complementary to each other resulting in higher enantioselectivities for various 
substrates and nucleophiles (Scheme 2.3.18).  Six- and seven-membered cyclic enones 
are also efficient (85–90% yields) and selective (92.5:7.5–95:5 er). 
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(–78 °C, 4 h)
97% yield, 98.5:1.5 er
2.66
NHC–Ag III-b
(–78 °C, 4 h)
97% yield, 96:4 er
2.48
2.5 mol % NHC–Ag
5 mol % Cu(OTf)2







(–78 °C, 6 h)
86% yield, 93:7 er
2.67
NHC–Ag III-b
(–78 °C, 15 h)






(–78 °C, 15 h)








(–30 °C, 6 h)






(22 °C, 0.25 h)
89% yield, 95:5 er
ent 2.27
NHC–Ag III-b
(–78 °C, 12 h)








(22 °C, 0.25 h)






(–78 °C, 12 h)
85% yield, 95:5 er  
A similar study on ECA of arylaluminum reagents, which are in situ generated 
from PhLi and Me2AlCl, were also pursued.  As shown in Scheme 2.3.19, for the 
additions of arylaluminum reagents, NHC–Ag II is more selective than other NHC–Ag 
complexes.  Various aryl addition products (2.72–2.75) are obtained in high 
enantioselectivities (86:14–99:1 er), but in moderate isolated yields (49–85% yields). 







(–50 °C, 48 h) 
66% yield, 86:14 er
2.49
2.5 mol % NHC–Ag II
5 mol % Cu(OTf)2





(–30 °C, 36 h)
71% yield, 95:5 er
2.72
(15 °C, 48 h)




(–15 °C, 48 h)








(+4 °C, 48 h)






(+4 °C, 42 h)
49% yield, 98:2 er  
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From dialkylzinc to arylaluminum reagents, and from amino acid-based 
phosphine to NHC ligands, our research laboratory has devoted great efforts to develop 
practical methods to generate all-carbon quaternary stereogenic centers.  For the 
inefficiency of unactivated β-alkyl substituted cyclic enones (especially zinc reagents to 
cyclopentenones), we have developed new NHCs, which also allowed us to perform 
ECAs of less reactive Me2Zn and sterically demanding (i-Pr)2Zn and (i-Bu)2Zn reagents 
to various cyclic enones.  Later, we have further developed new methods for ECA 
utilizing less expensive nucleophiles (trialkylaluminum reagents). 
2.4  Experimentals  
General.  Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, νmax in cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 
MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm).  
Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility at Boston College.  Enantiomer 
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ratios were determined by HPLC analysis (Chiral Technologies Chiralpak AD–H, 4.6 x 
250 mm, Chiral Technologies Chiralpak AS–H, 4.6 x 250 mm, Chiral Technologies 
Chiralcel OD–H, 4.6 x 250 mm, Chiral Technologies Chiralcel OJ–H, 4.6 x 250 mm, and 
Chiral Technologies Chiralcel OD–R, 4.6 x 250 mm), and GLC analysis (Alltech 
Associated Betadex 120 column, 30 m x 0.25 mm; Alltech Associated CDB-DM 120 
column, 30 m x 0.25 mm), in comparison with authentic racemic materials.  Unless 
otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 °C) and flame-dried glassware with standard dry 
box or vacuum-line techniques.  Solvents were purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: toluene and benzene 
were purified through a copper oxide and alumina column; CH2Cl2 and Et2O were purged 
with argon and purified by passage through two alumina columns.  Tetrahydrofuran (thf) 
was purified by distillation from sodium benzophenone ketyl immediately prior to use.  
All work-up and purification procedures were carried out in air with reagent grade of 
solvents, which were purchased from Doe and Ingalls.  For all chiral imidazolinium salts 
and NHC–Ag complexes, see Chapter 1. 
Reagents and Catalysts: 
Copper (I) triflate benzene complex (white solid) was prepared by previously reported 
methods.106 
Copper (I) triflate toluene complex (brown solid) was purchased from Aldrich 
(99.99%) and used as received. 
                                                
(106) Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc. 1973, 95, 1889–1897. 
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Copper (I) oxide (99.9%) was purchased from Strem Inc. and used as received. 
Dibutylzinc was purchased from Fluka (1M in heptane) and used as received. 
Diethylzinc (neat) was purchased from Aldrich and used as received.  
Diisopropylzinc (1M in toluene) was purchase from Aldrich and used as received.   
Dimethylzinc (neat, 95%) was purchased from Strem Inc. and used as received. 
(–)-(S,S)-Diphenylethylenediamine (99% purity) was purchased from Astatech Inc. and 
used as received 
Diphenylzinc (99%) was purchased from Strem Inc. (white solid) and used as received.  
Additionally, diphenylzinc can be prepared and purified (white solid) analogous to 
previously reported methods for the preparation of di-4-methoxyphenylzinc (see below 
for procedures) and used with similar levels of efficiency and selectivity.  Diphenylzinc 
purchased from Aldrich (brown solid) was ineffective in the present Cu-catalyzed ACA. 
Di-(4-trifluoromethylphenyl)zinc was prepared by previously reported methods.107 
Formaldehyde (37% aqueous solution) was purchased from Aldrich and used as 
received. 
Lithium aluminum hydride (95%) was purchased from Strem Inc. and used as received. 
Methyl-2-cyclohexenone was purchased from Aldrich and distilled prior to use. 
Palladium(II) Acetate was purchased from Aldrich and used as received. 
Phenyllithium (2.0 M in n-Bu2O) was purchased from Acros and used as received. 
Silver (I) oxide was prepared as follows.  An aqueous solution of sodium hydroxide (20 
mL, 2M, 40 mmol) was added to a solution of AgNO3 (1.7 g, 10 mmol) in H2O (10 mL).  
                                                
(107) Chisholm, M. H.; Gallucci, J. C.; Yin, H.; Zhen, H. Inorg. Chem. 2005, 44, 4777–4785. 
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A brown precipitate formed immediately, which was isolated by vacuum filtration.  The 
solid was washed with 250 mL H2O, 250 mL EtOH, and 250 mL acetone and repeated.  
The brown solid was dried overnight under vacuum (~0.5 mm Hg) over P2O5. 
Sodium tert-butoxide (98%) was purchased from Strem Inc. and used as received. 
Trifluoromethanesulphonic acid was purchased from Aldrich and used as received. 
Preparation of unactivated cyclic enones: α,β-unsaturated carbonyls were either 
commercially available or prepared according to published procedures.108 
  Experimental  
 Preparation of di-(4-methoxyphenyl)zinc:  Mg turnings (1.8 g, 75 mmol) were 
weighed out into a two-neck 50 mL round bottomed flask equipped with a reflux 
condenser.  The apparatus was then flame-dried and allowed to cool under N2.  
Tetrahydrofuran (16 mL) was added, followed by the dropwise addition of 4-
bromoanisole (6.2 mL, 50 mmol), such that gentle reflux could be maintained.  The 
mixture was allowed to stir for 12 h.  Titration indicated a 2.27 M solution of the 
Grignard reagent.  (Note: Grignard reagent solution and syringe/needle must be kept 
warm during titration and addition because of the low solubility of the arylmetal in THF.) 
An oven- and flame-dried 100 mL round bottomed flask (equipped with a stir bar) was 
charged with ZnCl2 (1.4 g, 10 mmol) weighed out under an N2 atmosphere; the flask was 
sealed with a septum and removed from the glovebox.  Diethyl ether (20 mL) was added 
                                                
(108) (a) Fu, X.; Zhang, S.; Yin, J.; Schumacher, D. P. Tetrahedron Lett. 2002, 43, 6673–6676. (b) Dauben, 
W. G.; Michno, D. M. J. Org. Chem. 1977, 42, 682–685. (c) Dittami, J. P.; Nie, X. Y.; Nie, H.; 
Ramanathan, H.; Breining, S.; Bordner, J. Decosta, D. L.; Kiplinger, J.; Reiche, P.; Ware, R. J. Org. Chem. 
1991, 56, 5572–5578. 
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and the solution was allowed to cool to 0 °C.  A solution of the above-mentioned 
Grignard reagent (8.8 mL, 20 mmol) was added dropwise through a syringe (within 
approximately 10 min).  During addition, a significant amount of white precipitate is 
generated.  The mixture was allowed to warm to 22 °C and stir for 2 h.  At this time, the 
solution was charged with dioxane (10 mL) and allowed to stir for an additional 30 min.  
(Note: 10 mL of THF can be added at this point if the solution containing Zn reagent 
appears too viscous for proper filtration.)  At this point, an oven-dried Schlenk tube 
(medium porosity filter) containing approximately 5 g of oven-dried celite and a 100 mL 
round bottomed flask on the receiving end was quickly exchanged with the septum on the 
flask containing the Zn reagent.  This was performed such that the round-bottomed flask 
containing the Zn reagent remained in a horizontal position; this ensured that celite does 
not fall into the flask that contains the zinc reagent   Filtration was then performed under 
an atmosphere of N2.  The filtrate was then concentrated in vacuo (~0.4 mm Hg), 
followed by gentle heating (still under vacuum; to assist in removal of dioxane) to afford 
a white solid.  The white solid was transferred to a sublimation apparatus under an 
atmosphere of N2, and the white solid was sublimed under stronger vacuum (0.01 mmHg) 
at 150 °C to afford a white powder.  Note: The 1H NMR of this material is identical to 
the 1H NMR of the diarylzinc reagent prior to sublimation.  We find that Cu-catalyzed 
ACA with sublimed arylmetal samples deliver slightly higher levels of enantioselectivity.  
1H NMR (400 MHz, CDCl3): δ 7.57 (4H, d, J = 8.4 Hz), 6.94 (4H, d, J = 8.8 Hz), 3.83 
(6H, s); 13C NMR (100 MHz, CDCl3): δ 160.1, 139.2, 138.5, 114.0, 55.1. 
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 Representative experimental procedure for Cu-catalyzed conjugate addition of 
(alkyl)2Zn reagents to unactivated cyclic enones promoted (Scheme 2.3.3): An oven-
dried 13x100 mm test tube charged with chiral NHC–Ag II (4.5 mg, 0.0036 mmol), 
(CuOTf)2•C6H6 (1.8 mg, 0.0036 mmol) and  3-methyl-2-cyclohexenone 2.20 (16 mg, 0.14 
mmol) was weighed out under an N2 atmosphere in a glove box.  The test tube was sealed 
with a septum, wrapped with parafilm before removal from the glove box.  Diethyl ether 
(1.0 mL) was added at 22 °C; the resulting solution was allowed to stir for 10 min.  
Diethylzinc (45 µL, 0.43 mmol) was slowly added to the mixture at –78 °C; during the 
addition of Et2Zn the reaction became dark brown.  After 48 h at –30 °C, the reaction was 
quenched by the addition of a saturated aqueous solution of ammonium chloride (1 mL) 
and then immediately H2O (1 mL).  The mixture was washed with Et2O (3x1 mL) and the 
combined organic layers were passed through a short plug (4 cm x 1 cm) of silica gel 
eluted with Et2O.  The volatiles were removed in vacuo and the resulting dark brown oil 
was purified by silica gel column chromatography (hexanes/Et2O:10/1) to afford 19.4 mg 
(0.138 mmol, 95.1% yield) of 2.21 as a colorless oil.  Important note:  To ensure high 
efficiency and enantioselectivity, reactions must be set up in exactly the order described 
above. 
  Representative procedure for Cu-Catalyzed conjugate addition of Et2Zn to 
unactivated enones set up on the bench top and performed in undistilled diethyl ether:  
A 13 x 100 mm test tube charged with NHC–Ag II (4.5 mg, 0.0036 mmol), 
(CuOTf)2•C6H6 (1.8 mg, 0.0036 mmol), and 3-methyl-2-cyclohexenone 2.20 (16 mg, 0.14 
mmol) weighed out on the bench top in air, was sealed with a septum, wrapped with 
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parafilm, and purged with N2.  Undistilled Et2O (1.0 mL) was added at 22 °C; the 
resulting solution was allowed to stir for 10 min.  Diethylzinc (45 µL, 0.43 mmol) was 
slowly added to the mixture at –78 °C; during the addition of diethylzinc the reaction 
became dark brown. After 48 h at –30 °C, the reaction was quenched by the addition of a 
saturated solution of aqueous ammonium chloride (1.0 mL) and then immediately H2O 
(1.0 mL).  The mixture was washed with Et2O (3x1 mL) and passed through a short plug 
of silica eluted with the same solvent.  The volatiles were removed in vacuo to afford a 
light yellow oil, which was purified by silica gel column chromatography (hexanes/Et2O: 
10/1) to afford 18.2 mg (0.130 mmol, 95.1% yield) of cyclic ketone 2.21 as a colorless 
oil.  Important note: To ensure high efficiency and enantioselectivity reactions must be 
set up in exactly the order described above. 
(R)-(+)-3-Ethyl-3-methylcyclohexanone (2.21).  IR (neat): 2962 (s), 2936 (s), 2879 (m), 
2855 (w), 1715 (s), 1464 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.27 (2H, dd, J = 6.8, 
6.8 Hz), 2.18 (1H, d, J = 13.6 Hz), 2.09 (1H, d, J = 13.6 Hz), 1.90–1.83 (2H, m), 1.66–
1.50 (2H, m), 1.35–1.29 (2H, m), 0.90 (3H, s), 0.84 (3H, t, J = 7.6 Hz); 13C NMR (100 
MHz, CDCl3): δ 212.4, 53.4, 41.0, 38.7, 35.4, 34.0, 24.4, 22.1, 7.7; Anal Calcd for 
C9H16O: C, 77.09; H, 11.50; Found C, 76.86; H, 11.25.  HRMS Calcd for C9H16O (EI+): 
140.1201, Found: 140.1196.  Optical rotation: [α]D20 +8.0° (c 1.0, CHCl3) for an 93.5:6.5 
er sample.  Optical purity was determined by chiral GLC analysis in comparison with 
authentic racemic material (97.5:2.5 shown below; β-dex chiral column, 80 °C, 15 psi). 
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(R)-3-Butyl-3-methylcyclohexanone (2.22).  IR (neat): 2957 (s), 2931 (s), 2870 (m), 
2860 (m), 1715 (s), 1467 (w), 1457 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.26 (2H, 
dd, J = 7.2, 7.2 Hz), 2.17 (1H, d, J = 13.6 Hz), 2.09 (1H, d, J = 13.6 Hz), 1.88–1.81 (2H, 
m), 1.65–1.48 (2H, m), 1.29–1.17 (6H, m), 0.90 (6H, m); 13C NMR (100 MHz, CDCl3): δ 
212.7, 54.0, 41.4, 41.2, 38.7, 36.0, 25.7, 25.3, 23.5, 22.3, 14.2.  HRMS Calcd for C11H20O 
(EI+, M+H): 169.1592, Found: 169.1593.  Optical rotation: [α]D20 +1.15° (c 1.00, CHCl3) 
for an 93:7 er sample.  Optical purity was determined by chiral GLC analysis in 
comparison with authentic racemic material (93:7 er sample below; β-dex column, 120 
°C, 15 psi). 
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(R)-3-Ethyl-3-(4-pentenyl)cyclohexanone (2.23).  IR (neat): 3087 (w), 2936 (s), 1721 
(s), 1646 (w), 1463 (m), 1419 (m), 1388 (w), 1350 (w), 1318 (w), 1230 (w), 1092 (w), 
1004 (m), 903 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 5.57 (1H, dddd, J = 17.2, 10.4, 
6.8, 6.8 Hz), 5.00–4.91 (2H, m), 2.25 (2H, t, J = 6.8 Hz), 2.12 (2H, s), 2.02–1.96 (2H, m), 
1.84–1.78 (2H, m), 1.57–1.54 (2H, m), 1.31–1.18 (6H, m), 0.76 (3H, t, J = 7.2 Hz).  13C 
NMR (CDCl3, 100 MHz): δ 212.8, 138.8, 114.9, 52.1, 41.3, 41.1, 36.1, 34.5, 33.6, 29.7, 
22.4, 21.9, 7.6.  HRMS calcd for C13H22O: 194.1671, Found: 194.1675.  Optical rotation: 
[α]D20 +4.87° (c 1.29, CHCl3) for an 92:8 er sample.  Optical purity was determined by 
chiral GLC analysis in comparison with authentic racemic material (92:8 er sample 
below; conditions: β-dex column, 130 °C, 15 psi). 
 
 (S)-3-Ethyl-3-phenylcyclohexanone (2.24): IR (neat): 3089 (w), 3058 (w), 3031 (w), 
3024 (w) 2962 (s), 2934 (s), 2877 (m), 2355 (w), 2332 (w), 1715 (s), 1601 (w), 1498 (m), 
1460 (m), 1445 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.32–7.27 (2H, m), 7.25–7.22 
(2H, m), 7.20–7.15 (1H, m), 2.90 (1H, d, J = 14.4 Hz), 2.40 (1H, d, J = 14.4 Hz), 2.30–
2.26 (2H, m), 2.19–2.13 (1H, m), 2.00-1.93 (1H, m), 1.84–1.54 (4H, m), 0.58 (3H, t, J = 
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7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 211.6, 145.0, 128.6, 126.7, 126.2, 50.7, 46.6, 
41.2, 36.4, 35.8, 21.7, 8.1; HRMS Calcd for C14H18O (EI+): 202.1358, Found: 202.1362. 
Optical rotation: [α]D20 +63.77° (c 1.000, CHCl3) for a 97:3 er sample.  Optical purity was 
determined by chiral GLC analysis in comparison with authentic racemic material (97:3 
er sample below; conditions: β-dex column, 140 °C, 15 psi). 
 
(S)-3-Ethyl-3-(2-phenylethynyl)cyclohexanone (2.25).  IR (neat): 2965 (m), 2926 (m), 
2874 (w), 2853 (w), 2359 (w), 2338 (w), 1716 (s), 1597 (w) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.37-7.33 (2H, m), 7.27-7.23 (3H, m), 2.59 (1H, ddd, J = 14.0, 2.0, 2.0 Hz), 
2.44–2.38 (1H, m), 2.30–2.10 (3H, m), 2.06-1.96 (2H, m), 1.69–1.58 (3H, m), 1.07 (3H, 
t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 209.6, 131.9, 128.3, 128.1, 123.5, 92.1, 
85.1, 52.6, 41.5, 41.2, 35.9, 35.0, 23.0, 9.1; HRMS Calcd for C16H18O (EI+): 226.1358, 
Found: 226.1363.  Optical rotation: [α]D20 +39.87° (c 1.000, CHCl3) for a 87:13 er 
sample.  Optical purity was determined by chiral GLC analysis in comparison with 
authentic racemic material. (87:13 er sample below; conditions: β-dex column, 140 °C, 
15 psi). 
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 (R)-3-Ethyl-3-methylcycloheptanone (2.26).  IR (neat): 2964 (m), 2929 (s), 2882 (w), 
2861 (w), 1697 (s), 1464 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.51 (1H, d, J = 12.0 
Hz), 2.41–2.37 (2H, m), 2.35 (1H, d, J = 12.0 Hz), 1.78–1.47 (6H, m), 1.34–1.23 (2H, 
m), 0.86 (3H, s), 0.83 (3H, t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 214.4, 54.2, 
44.1, 42.2, 35.4, 35.0, 25.5, 24.8, 24.3, 8.0; HRMS Calcd for C10H18O (EI+): 154.1358, 
Found: 154.1356.  Optical rotation: [α]D20 +17.06° (c 1.000, CHCl3) for an 92.5:7.5 er 
sample.  Optical purity was determined by chiral GLC analysis in comparison with 
authentic racemic material (92.5:7.5 er sample below; conditions: β-dex column, 80 °C, 
15 psi). 
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(R)-3-Butyl-3-methylcycloheptanone (2.27).  IR (neat): 2958 (s), 2934 (s), 2871 (m), 
2859 (m), 1701 (s), 1461 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.51 (1H, d, J = 12.4 
Hz), 2.41–2.35 (3H, m), 1.77–1.57 (5H, m), 1.52–1.47 (1H, m), 1.23–1.17 (6H, m), 0.90–
0.86 (6H, m); 13C NMR (100 MHz, CDCl3): δ 214.5, 55.0, 44.1, 42.7, 42.4, 35.3, 26.2, 
25.8, 24.8, 24.3, 23.5, 14.2; Anal Calcd for C12H22O: C, 79.06; H, 12.16; Found C, 78.89; 
H, 12.14; HRMS Calcd for C12H22O (EI+): 182.1671, Found: 182.1668.  Optical rotation: 
[α]D20 +10.0° (c 1.00, CHCl3) for a 88.5:11.5 er sample.  Optical purity was determined 
by chiral GLC analysis in comparison with authentic racemic material (88.5:11.5 er 
sample below; conditions: β-dex column, 90 °C, 15 psi). 
 
(S)-3-Butyl-3-ethylcycloheptanone (2.28).  IR (neat): 2958 (s), 2927 (s), 2871 (m), 2861 
(m), 1697 (m), 1458 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.43 (2H, s), 2.39 (2H, t, J 
= 6.2 Hz), 1.77–1.72 (2H, m), 1.64–1.60 (2H, m), 1.57–1.53 (2H, m), 1.34–1.13 (8H, m), 
0.88 (3H, t, J = 7.0 Hz), 0.79 (3H, t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 214.8, 
53.5, 44.1, 40.1, 37.7, 37.4, 30.7, 25.2, 24.4, 24.4, 23.6, 14.2, 7.6; HRMS Calcd for 
C13H24O (EI+): 196.1827, Found: 196.1827.  Optical rotation: [α]D20 +5.98° (c 1.00, 
CHCl3) for a 88:12 er sample.  Optical purity was determined by chiral GLC analysis in 
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comparison with authentic racemic material (88:12 er sample below; conditions: β-dex 
column, 90 °C (300 min), 20 °C/min to 140 °C (10 min), 15 psi). 
 
(R)-3-Ethyl-3-methylcyclooctanone (2.29).  IR (neat): 2955 (m), 2924 (s), 2875 (w), 
2852 (w), 1695 (s), 1470 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.39 (1H, d, J = 10.8 
Hz), 2.29 (2H, ddd, J = 8.0, 4.0, 4.0 Hz), 2.17 (1H, d, J = 10.8 Hz), 1.95–1.87 (2H, m), 
1.53–1.47 (2H, m), 1.42–1.25 (6H, m), 0.91 (3H, s), 0.84 (3H, t, J = 7.6 Hz); 13C NMR 
(100 MHz, CDCl3): δ 215.5, 48.8, 45.5, 39.0, 37.0, 34.7, 29.1, 25.6, 22.0, 20.3, 8.3; 
HRMS Calcd for C11H20O (EI+): 168.1514, Found: 168.1511.  Optical rotation: [α]D20 
+9.28° (c 0.500, CHCl3) for a 77:23 er sample.  Optical purity was determined by chiral 
GLC analysis in comparison with authentic racemic material (77:23 er sample below; 
conditions: β-dex column, 90 °C (300 min), 20 °C/min to 140 °C (10 min), 15 psi). 
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 Representative experimental procedure for Cu-catalyzed conjugate addition of 
(aryl)2Zn reagents.  An oven-dried 13x100 mm test tube was charged with NHC–Ag II 
(5.6 mg, 0.0045 mmol), (CuOTf)2•C6H6 (2.7 mg, 0.0045 mmol), 3-methyl-2-
cyclohexenone 2.20 (20 mg, 0.18 mmol), and Ph2Zn (120 mg, 0.55 mmol), which were 
weighed out under a N2 atmosphere in a glove box (in the precise order mentioned 
above).  The test tube was sealed with a septum, wrapped with parafilm, and the reaction 
vessel was removed from the glove box.  Diethyl ether (1.0 mL) was slowly added to the 
mixture in a dropwise manner (syringe) at –78 °C.  After 48 h at –30 °C, the reaction was 
quenched by the addition of a saturated aqueous solution of ammonium chloride (1.0 mL) 
and then immediately H2O (1.0 mL).  The mixture was washed with Et2O (3 x 1 mL) and 
the combined organic layers were passed through a short plug of silica eluted with Et2O.  
The volatiles were removed in vacuo and the resulting mixture was purified by silica gel 
column chromatography (hexanes/Et2O: 10/1) to afford 32.5 mg (0.173 mmol, 95.0% 
yield) of cyclic ketone 2.31 as a colorless oil.  Important note:  To ensure high 
efficiency and enantioselectivity, reactions must be set up in exactly the order described 
above. 
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(S)-3-Methyl-3-phenylcyclohexanone (2.31).  IR (neat): 3087 (w), 3058 (w), 3024 (w), 
3022 (w), 2962 (s), 2937 (s), 2870 (m), 2357 (w), 2332 (w), 1715 (s), 1602 (w) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.35–7.30 (4H, m), 7.26–7.18 (1H, m), 2.89 (1H, d, J = 14.4 
Hz), 2.44 (1H, d, J = 14.4 Hz), 2.31 (2H, t, J = 6.8 Hz), 2.22–2.16 (1H, m), 1.96–1.83 
(2H, m), 1.72–1.61 (1H, m), 1.33 (3H, s); 13C NMR (100 MHz, CDCl3): δ 211.6, 147.5, 
128.6, 126.3, 125.7, 53.2, 42.9, 40.9, 38.0, 29.9, 22.1; Anal Calcd for C13H16O: C, 82.94; 
H, 8.57; Found C, 82.67; H, 8.28; HRMS Calcd for C13H16O (EI+): 188.1201, Found: 
188.1199.  Optical rotation: [α]D20 +70.18° (c 1.000, CHCl3) for a 98.5:1.5 er sample.  
Optical purity was determined by chiral GLC analysis in comparison with authentic 
racemic material (98.5:1.5 er sample below; conditions: CDGTA column, 95 °C (70 
min), 0.5 °C/min to 110 °C (30 min), 20 °C/min to 140 °C (20 min), 15 psi). 
 
(S)-3-(4-pentenyl)-3-phenylcyclohexanone (2.32).  IR (neat): 2936 (s), 2873 (m), 1709 
(s), 1645 (m), 1438 (m), 1332 (m), 1242 (m), 996 (w), 918 (m), 762 (m), 711 (s), 667 (s) 
cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.32–7.26 (2H, m), 7.25–7.22 (2H, m), 7.20–7.15 
(1H, m), 5.63 (1H, dddd, J = 17.2, 10.4, 6.8, 6.8 Hz), 4.91–4.85 (2H, m), 2.91 (1H, d, J = 
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14.0 Hz), 2.42 (1H, d, J = 14.0 Hz), 2.26–2.26 (2H, m), 2.19–2.00 (1H, m), 2.00–1.51 
(7H, m), 1.20–1.09 (1H, m), 0.99–0.88 (1H, m).  13C NMR (CDCl3, 100 MHz): δ 211.7, 
145.3, 138.6, 128.7, 126.6, 126.3, 114.9, 51.3, 46.3, 42.8, 41.2, 36.8, 34.1, 22.9, 21.7.  
HRMS calcd for C17H22O: 242.1671, Found: 242.1676.  Optical rotation: [α]D20 +45.17° 
(c 1.970, CHCl3) for a 94.5:5.5 er sample.  Optical purity was determined by chiral GLC 
analysis in comparison with authentic racemic material (94.5:5.5 er sample below; 
conditions: β-dex column, 120 °C, 15 psi). 
 
(S)-3-(4-methoxyphenyl)-3-methylcyclohexanone (2.33). The general procedure 
described was followed, except that toluene was used as the solvent.  IR (neat): 2964 (s), 
2880 (m), 1712 (s), 1611 (m), 1516 (s), 1455 (m), 1309 (m), 1259 (s), 1186 (m), 1041 
(m), 840 (m) cm-1.  1H NMR (CDCl3, 400 MHz): δ 7.21 (2H, dt, J = 5.6, 3.6 Hz), 6.84 
(2H, dt, J = 5.6, 3.6 Hz), 3.37 (3H, s), 2.83 (1H, d, J = 14.4 Hz), 2.40 (1H, d, J = 14.4 
Hz), 2.85 (2H, t, J = 6.8 Hz), 2.17–2.11 (1H, m), 1.91–1.80 (2H, m), 1.69–1.59 (1H, m), 
1.28 (3H, s).  13C NMR (CDCl3, 100 MHz): δ 200.7, 158.0, 139.7, 126.9, 114.0, 55.4, 
53.5, 42.5, 41.5, 38.3, 30.3, 22.2.  HRMS calcd for C14H18O: 218.1307, Found: 218.1298.  
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Optical Rotation: [α]D20 +51.71° (c 0.960, CHCl3) for a 95:5 er sample.  Optical purity 
was determined by chiral HPLC analysis in comparison with authentic racemic material 
(95:5 er sample below; conditions: chiralpak AS column (25 cm x 0.46 cm), 95/5 
hexanes/i-PrOH, 1.0 mL/min, 254 nm). 
 
(S)-3-Methyl-3-phenylcycloheptanone (2.35).  IR (neat): 3088 (w), 3056 (m), 3032 (m), 
3022 (m) 2931 (s), 2862 (s), 1949 (w), 1877 (w), 1805 (w), 1696 (s), 1599 (m), 1497 (s), 
1460 (s), 1444 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.33–7.30 (4H, m), 7.22–7.17 
(1H, m), 3.21 (1H, d, J = 14.4, 1.2 Hz), 2.71 (1H, d, J = 14.4 Hz), 2.46–2.36 (2H, m), 
2.23-2.15 (1H, m), 1.84–1.70 (5H, m), 1.27 (3H, s); 13C NMR (100 MHz, CDCl3): δ 
213.9, 148.0, 128.7, 126.1, 125.7, 55.8, 44.3, 43.6, 39.9, 32.0, 25.9, 24.0.  Anal Calcd for 
C14H18O: C, 83.12; H, 8.97; Found C, 82.92; H, 9.11; HRMS Calcd for C14H18O (EI+): 
202.1358, Found: 202.1359.  Optical rotation: [α]D20 +74.78° (c 1.000, CHCl3) for a 98:2 
er sample.  Optical purity was determined by chiral GLC analysis in comparison with 
authentic racemic material (98:2 er sample below; conditions: α-dex column, 140 °C, 15 
psi).  
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■  Representative experimental procedure for direct synthesis of enolsilanes 
(Scheme 2.3.5) 
((S)-3-Methyl-3-phenylcyclohex-1-enyloxy)trimethylsilane (2.37).  An oven-dried 
13x100 mm test tube charged with NHC–Ag II (5.6 mg, 0.0045 mmol), (CuOTf)2•C6H6 
(2.7 mg, 0.0045 mmol), 3-methyl-2-cyclohexenone 2.20 (20 mg, 0.18 mmol), and Ph2Zn 
(120 mg, 0.546 mmol), which were weighed out under N2 atmosphere in a glove box.  
The reaction vessel was sealed with a septum and wrapped with parafilm before being 
removed from the glove box.  Diethyl ether (1.0 mL) was slowly added at –78 °C. After 
48 h at –30 °C, the reaction was cooled to –78 °C and TMSOTf (99 µL, 0.55 mmol) was 
added, followed by 2.0 mL of H2O.  The mixture was washed with Et2O (3x1 mL). The 
volatiles were removed in vacuo and the resulting dark brown oil was purified by silica 
gel column chromatography (hexanes/Et2O: 20/1) to afford 46.8 mg (0.180 mmol, >98% 
yield) of 2.37 as a colorless oil.  (Note: Before the mixture was added, the silica gel 
column was eluted with 0.5 mL of Et3N.)  IR (neat): 3081 (w), 3057 (w), 3029 (w), 3020 
(w), 2959 (s), 2934 (s), 2867 (w), 2853 (w), 2836 (w), 1665 (s), 1251 (s), 1195 (s), 895 
(s), 865 (s), 847 (s), 760 (s), 697 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.43–7.31 (4H, 
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m), 7.22–7.18 (1H, m), 4.99–4.98 (1H, m), 2.09–2.05 (2H, m), 1.87–1.82 (1H, m), 1.68–
1.60 (2H, m), 1.52–1.44 (1H, m), 1.43 (3H, s), 0.28 (9H, s); 13C NMR (100 MHz, 
CDCl3): δ 150.7, 141.4, 128.0, 126.8, 125.7, 113.5, 40.1, 39.0, 30.3, 30.0, 19.7, 0.6; 
HRMS Calcd for C16H24OSi (EI+): 260.1596, Found: 260.1600. 
((R)-3-Ethyl-3-methylcyclohex-1-enyloxy)trimethylsilane (2.36). IR (neat): 2962 (s), 
2933 (s), 2878 (w), 2871 (w), 2851 (w), 1665 (m), 1262 (m), 1250 (s), 1203 (s), 1138 (s), 
900 (s), 867 (s), 842 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 4.64 (1H, s), 1.95–1.92 (2H, 
m), 1.69–1.63 (2H, m), 1.41–1.21 (4H, m), 0.92 (3H, s), 0.82 (3H, t, J = 7.6 Hz), 0.17 
(9H, s); 13C NMR (100 MHz, CDCl3): δ 149.4, 114.7, 35.8, 34.8, 34.3, 30.1, 27.6, 19.8, 
8.7, 0.5.  HRMS Calcd for C12H24OSi (EI+, M-H): 211.1518, Found: 211.1512. 
((R)-3-Methyl-3-phenylcyclohept-1-enyloxy)trimethylsilane (2.38). IR (neat): 3081 
(w), 3058 (w), 3021 (w), 2962 (s), 2924 (s), 2861 (m), 1658 (s), 1493 (m), 1456 (m), 
1441 (m), 1369 (m), 1265 (s), 1251 (s), 1195 (s), 1162 (s), 1139 (s), 886 (s), 843 (s), 764 
(s), 705 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.43–7.40 (2H, m), 7.33–7.29 (2H, m), 
7.20–7.16 (1H, m), 5.07 (1H, s), 2.24–2.17 (2H, m), 2.12 (1H, dtd, J = 14.0, 4.0, 1.2 Hz), 
1.87 (1H, ddd, J = 14.0, 11.6, 4.0 Hz), 1.63–1.47 (3H, m), 1.42–1.36 (1H, m), 1.35 (3H, 
s), 0.26 (9H, s); 13C NMR (100 MHz, CDCl3): δ 153.9, 149.1, 128.1, 126.7, 125.5, 118.4, 
41.8, 40.7, 34.8, 34.2, 24.9, 24.7, 0.6.  HRMS Calcd for C17H26OSi (EI+): 274.1753, 
Found: 274.1758. 
■  Representative experimental procedure for synthesis of enolsilanes through 
deprotonation/trap process of ECA products 
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((S)-5-Methyl-5-phenylcyclohex-1-enyloxy)trimethylsilane (2.39).  A solution of n-
BuLi (345 µL, 0.517 mmol, 1.5 M in hexanes) was added to a cold (–78 °C) THF (2 mL) 
solution of 2,2,6,6-tetramethyl piperidine (99 µL, 0.59 mmol).  The mixture was allowed 
to warm to 22 °C, stirred for 5 min, and cooled again to –78 °C.  Optically enriched 
ketone 2.31 (65 mg, 0.34 mmol), dissolved in THF (1 mL), was added to the mixture, 
which was allowed to stir for 30 min at –78 °C.  Trimethylsilyltriflate (187 µL, 1.03 
mmol) was added and the mixture was allowed to stir for an additional 15 min at –78 °C.  
A saturated solution of NaHCO3 (1.0 mL) was added and the mixture was allowed to 
warm slowly to 22 °C, at which time the solution was diluted through addition of H2O (1 
ml).  The mixture was washed with Et2O (3x1.0 mL) and the combined organic layers 
were concentrated in vacuo and the resulting light yellow oil purified by silica gel column 
chromatography (hexanes/Et2O: 20/1) to afford 86 mg (0.33 mmol, 96% yield) of 
enolsilane 2.39 as a colorless oil.  (Note: Before the mixture was added, the silica gel 
column was eluted with 0.5 mL of Et3N.)  IR (neat): 3087 (w), 3056 (w), 3030 (w), 3024 
(w), 2962 (s), 2924 (s), 2848 (m), 1671 (s), 1496 (m), 1443 (m), 1357 (m), 1251 (s), 1211 
(s), 1186 (s), 1172 (s), 912 (s), 884 (s), 847 (s), 761 (s), 698 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.43–7.30 (4H, m), 7.24–7.19 (1H, m), 4.88–4.86 (1H, m), 2.51 (1H, d, J = 
16.4 Hz), 2.15 (1H, d, J = 16.8 Hz), 2.11–2.05 (1H, m), 1.93–1.81 (2H, m), 1.75–1.68 
(1H, m), 1.32 (3H, s), 0.25 (9H, s); 13C NMR (100 MHz, CDCl3): δ 149.4, 127.3, 128.1, 
125.9, 125.8, 103.3, 42.4, 37.9, 34.7, 28.3, 21.7, 0.7; HRMS (EI+): Calcd for C16H24OSi: 
260.1596, Found: 260.1594. 
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((R)-6-Methyl-6-phenylcyclohept-1-enyloxy)trimethylsilane (2.40). IR (neat): 31091 
(m), 3090 (m), 3057 (w), 3026 (w), 3010 (w), 2958 (s), 2929 (s), 2878 (m), 2860 (m), 
1660 (m), 1458 (m), 1455 (m), 1444 (m), 1382 (m), 1296 (m), 1250 (s), 1228 (s), 1193 
(m), 886 (s), 840 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.44–7.42 (2H, m), 7.33–7.28 
(2H, m), 7.19–7.15 (1H, m), 4.94 (1H, t, J = 6.8 Hz), 2.85 (1H, d, J = 14.8 Hz), 2.41 (1H, 
d, J = 14.8 Hz), 2.26–2.19 (1H, m), 2.05–1.99 (2H, m), 1.78–1.47 (3H, m), 1.30 (3H, s), 
0.13 (9H, s); 13C NMR (100 MHz, CDCl3): δ 153.1, 149.9, 128.2, 126.2, 125.5, 107.1, 
47.2, 45.2, 38.3, 29.4, 26.0, 23.8, 0.4; HRMS Calcd for C17H26OSi (EI+): 274.1753, 
Found: 274.1755. 
■ Representative procedure for direct synthesis of enoltriflate 2.41:  An oven-dried 
13x100 mm test tube charged with chiral NHC–Ag II (3.1 mg, 0.0050 mmol), 
(CuOTf)2•C6H6 (1.3 mg, 0.0025 mmol), and 3-methyl-2-cyclohexenone 2.20 (10.0 mg, 
0.100 mmol).  All the above were weighed out under an N2 atmosphere in a glove box.  
The test tube was sealed with a septum and wrapped with parafilm before the tube was 
removed from the glove box.  Diethyl ether (750 μL) was added at 22 °C; the resulting 
solution was allowed to stir for 10 min.  Diethylzinc (30 μL, 0.30 mmol) was added 
dropwise to the mixture after it was cooled to –78 °C; during the addition of Et2Zn the 
mixture turned dark brown.  After addition of diethylzinc, the mixture was allowed to 
warm to –30 °C.  After 6 h at –30 °C, Tf2O (168 mL, 1.0 mmol) was added to the mixture 
by a syringe.  The mixture was immediately allowed to warm to 22 °C and stir for 1 h.  
The reaction was quenched by the addition of a saturated solution of aqueous sodium 
bicarbonate (1 mL) and H2O (1 mL).  The mixture was washed with petroleum ether (3x1 
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mL), and the combined organic layers were passed through a short plug (4 cm x 1 cm) of 
silica gel eluted with petroleum ether to afford 27.0 mg (0.0992 mmol, 99.2% yield) of 
2.41 as a colorless oil.  Important note: To ensure high efficiency and enantioselectivity, 
reactions must be set up in exactly the order described above. The optical purity of the 
sample was obtained by treatment of the enoltriflate.  IR (neat): 2966 (m), 2933 (m), 
2856 (w), 1416 (s), 1257 (m), 1213 (s), 1153 (s), 1026 (w), 960 (w), 894 (w), 845 (w), 
801 (w) cm–1; 1H NMR (400 MHz, CDCl3): δ 5.49 (1H, s), 2.32–2.19 (2H, m), 1.84–1.70 
(2H, m), 1.50–1.30 (4H, m), 1.00 (3H, s), 0.83 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3): δ 148.7, 127.2, 118.7 (q, J = 318.8 Hz), 36.2, 34.8, 33.8, 27.8, 26.4, 19.7, 8.4. 
(R)-(3-Ethyl-3-methylcyclohex-1-enyl)benzene (2.42). An oven-dried vial was charged 
with Pd(OAc)2 (1.0 mg, 0.0044 mmol), PPh3 (2.5 mg, 0.0097 mmol), and PhB(OH)2 (6.7 
mg, 0.055 mmol) was weighed out under an N2 atmosphere in a glovebox.  The vial was 
sealed with a septum prior to removal from the glovebox.  In a separate vial, enol triflate 
2.41 (12.2 mg, 0.0448 mmol) dissolved in anhydrous THF (1.0 mL) was added to the vial 
containing Pd(OAc)2, PPh3, and PhB(OH)2 through a syringe.  The mixture was stirred 
for 10 min at 22 ºC after which time aqueous KOH (0.5 M, 88 μL, 0.044 mmol) was 
added via syringe.  After 45 min at 22 ºC the reaction was quenched with H2O (1 mL) 
and extracted with EtOAc (4 x 1 mL).  The combined organic extracts were dried with 
MgSO4, filtered and concentrated to yield a dark brown oil, which was purified by silica 
gel column chromatography to afford 6.8 mg (0.033, 77%) of 2.42 as a colorless oil.  IR 
(neat): 3029 (w), 2963 (s), 2936 (s), 2864 (m), 1607 (w), 1496 (w), 1447 (m), 1375 (m), 
1006 (w), 879 (w), 768 (s), 697 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.40–7.37 (2H, 
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m), 7.32–7.27 (2H, m), 7.21 (1H, tt, J = 7.2, 1.6 Hz), 5.81 (1H, s), 2.41–2.82 (2H, m), 
1.83–1.70 (2H, m), 1.57–1.50 (1H, m), 1.44–1.35 (3H, m), 1.01 (3H, s), 0.87 (3H, t, J = 
7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 142.9, 135.2, 134.5, 128.3, 126.7, 125.3, 35.4, 
35.2, 33.9, 27.8, 27.0, 20.0, 8.6. Optical Rotation: [α]D22 –20.4 (c 0.453, CHCl3) for a 
sample of  93.5:6.5 er. 
  Proof of Absolute Stereochemistry.  The following sequence was carried out to 
obtain enantiomerically enriched material S2. 
O
Me
2.5 mol % NHC–Ag II
2.5 mol % (CuOTf)2•C6H6
OTf
MePh
5 mol % Pd(OAc)2
10 mol % PPh3
MePh
S1 (S)-S234% yield overall2.20
Ph2Zn, Et2O, –30 °C, 48 h;




An oven-dried 13 x 100 mm test tube was charged with NHC–Ag II (4.9 mg, 0.0081 
mmol), (CuOTf)2•C6H6 (2.0 mg, 0.0045 mmol), 3-ethyl-2-cyclohexenone 2.20 (19.9 mg, 
0.161 mmol) and diphenylzinc (106 mg, 0.483 mmol), which weighed out under a N2 
atmosphere in a glove box in the order presented.  The test tube was sealed with a 
septum, wrapped with parafilm, and the reaction vessel was removed from the glove box.  
Diethyl ether (1.0 mL) was added to the mixture in a dropwise manner (syringe) at –78 
°C.  After 48 h at –30 °C, Tf2O (142 µL, 0.850 mmol) was added at –30 °C through the 
septum via syringe and the reaction mixture was kept at –30 °C for 24 h.  The reaction 
mixture was quenched with a saturated aqueous solution of NaHCO3 (1.0 mL) followed 
by addition of H2O (1.0 mL).  The mixture was then extracted with diethyl ether (3x1.0 
mL) and passed through a short plug of silica gel eluted with diethyl ether.  The volatiles 
were removed in vacuo and the resulting colorless oil was purified by silica gel column 
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chromatography (100% hexanes) to afford 25.5 mg (0.081 mmol, 48.1% yield) of 
enoltriflate S1 as a colorless oil.  Important note: To ensure high efficiency and 
enantioselectivity the reaction must be set up in exactly the order described above. 
(S)-3-methyl-3-phenylcyclohex-1-enyl trifluoromethanesulfonate (S1): IR (neat): 
2973 (w), 2938 (w), 1688 (w), 1422 (s), 1252 (m), 1222 (s), 1146 (s), 1016 (w), 906 (m), 
876 (w), 845 (w), 765 (w), 710 (w), 620 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.34–
7.29 (2H, m), 7.25–7.18 (3H, m), 5.96 (1H, s), 2.42–2.25 (2H, m), 1.95–1.85 (2H, m), 
1.80–1.65 (3H, m), 1.54–1.43 (1H, m), 0.75 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3): δ 150.3, 146.1, 128.6, 127.0, 126.4, 124.3, 118.8 (q, J = 318.1 Hz), 45.0, 35.9, 
34.7, 28.0, 19.3, 8.7; HRMS (EI+):  Calcd for C15H17O3F3S: 334.0851, Found: 334.0848. 
 
1-((S)-1-methylcyclohex-2-enyl)benzene (S2).  An oven-dried vial was charged with 
Pd(OAc)2 (0.98 mg, 0.0044 mmol) and PPh3 (2.3 mg, 0.0088 mmol), which were 
weighed out under N2 atmosphere in a glovebox.  The vial was sealed with a septum, and 
removed from the glovebox.  In a separate flask, enol triflate S1 (21 mg, 0.089 mmol) 
was dissolved in anhydrous DMF (1.0 mL) was added through a syringe.  The mixture 
was then charged with triethylamine (37.0 µL, 0.267 mmol), followed by formic acid (6.8 
µL, 0.18 mmol), and was heated to 60 °C for 30 min, during which time the solution 
turned black.  The mixture was cooled to 22 °C and diluted by the addition of H2O (1.0 
mL), followed by wash with petroleum ether (5x1.0 ml).  The combined organic layers 
were passed through a short plug of silica gel eluting with petroleum ether. The filtrate 
was concentrated under reduced pressure to yield S2 as colorless oil (11.5 mg, 0.0167 
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mmol, 69.5% yield).  IR (neat): 3065 (w), 3029 (w), 2981 (m), 2934 (s), 2874 (m), 2832 
(w), 1499 (m), 1451 (m), 1374 (w), 1047 (w), 939 (w), 916 (w), 773 (s), 737 (m), 713 (s), 
582 (w) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.32–7.25 (4H, m), 7.17–7.12 (1H, m), 
5.91–5.82 (2H, m), 2.01–1.97 (2H, m), 1.90–1.64 (4H, m), 1.58–1.50 (1H, m), 1.38–1.27 
(1H, m), 0.73 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 148.4, 133.0, 128.0, 
127.9, 127.3, 125.5, 43.1, 36.8, 35.1, 25.7, 19.1, 8.8; HRMS (EI+): Calcd for C14H18 
186.1409, Found: 186.1404; Optical Rotation: [α]D20 –27.2 (c 0.780, CHCl3) for an 70:30 
er sample.  Proof of stereochemistry. The optical rotation of cyclic alkene S2 was 
compared to a value reported previously by Breit et al, who assigned (+) rotation to the R 
enantiomer but did not provide an exact value.109   
  NMR Spectra 
                                                
(109) Breit, B.; Demel, P.; Studte, C. Angew. Chem., Int. Ed. 2004, 43, 3786–3789. 
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Chapter  3. NHC–Cu-Catalyzed Enantioselective 
Conjugate Addition of Aryl- and Alkenylsilylfluorides 
to α ,β-Unsaturated Cyclic Enones  
3.1 Introduction 
Organosilicon reagents are emerging as useful reagents in organic synthesis due to 
their low cost, low toxicity, ease of handling, tolerance to a variety of functional groups, 
simple removal of byproducts, and ease of preparation.110  Due to their low reactivity, 
however, silicon based reagents have not been extensively employed as nucleophiles. 
With a proper activating reagent such as fluoride or alkoxide, silicon based reagents 
become more reactive by the formation of reactive penta- or hexa-coordinate silicates 
(Figure 3.1), which can allow a more facile transmetallation between silicon reagents and 
various transition metals and applied to organic transformations.111   
                                                
(110) (a) Ojima, I.; Li, Z.; Zhu, J. The Chemistry of Organosilicon Compounds; Rappoport, S., Apeloig, Y., 
Eds.; Wiley: New York, 1998. (b) Langkopf, E.; Schinzer, D. Chem. Rev. 1995, 95, 1375–1408. 
(111) For utility of hypervalent silicon compounds in organic transformations, see: (a) Kumada, M.; 
Tamao, K.; Yoshida, J-i. J. Organomet. Chem. 1982, 239, 115–132. (b) Chuit, C.; Corriu, R. J. P.; Reye, 
C.; Young, J. C. Chem. Rev. 1993, 93, 1371–1448. For Rh-catalyzed C–C bond forming reactions with 
organosilicon reagents, see: (c) Fagnou, K.; Lautens, M. Chem. Rev. 2003, 103, 169–196. For Lewis base 
catalyzed enantioselective reactions of hypervalent silicates, see: (d) Orito, Y.; Nakajima, M. Synthesis 
2006, 1391–1401. For the utility of silicon reagents in enantioselective transformations, see: (e) Curtis-
Long, M. J.; Aye, Y. Chem. Eur, J. 2009, 15, 5402–5416. 
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This concept of transmetallation of hypervalent silicates was utilized with copper 
catalysts: thus, generated copper based intermediates have been used to promote 
homocoupling,112 protodesilylation,113 allylation,114 alkenylation,115 and aldol reactions.116   
Figure 3.1 Valency and Electron Density in Hypervalent Silicate Complexes 























δ+ at silicon and  δ– at ligand (L) and R
L = negatively charged or neutral silaphilic ligands such as F, Cl, OR, or Lewis bases
nucleophilicity of R = capability of R-transfer
Lewis acidity on silicon
 
3.2 Background 
Catalytic enantioselective conjugate addition (ECA) of organometals to electron-
deficient olefins is an important transformation in organic synthesis; such processes can 
                                                
(112) For reactions involving a catalytic amount of Cu salt with organosilicon reagents, see: (a) Kang, S.-
k.; Kim, T.-h.; Pyun, S.-j. J. Chem. Soc., Perkin Trans.1, 1997, 797-798. For reactions involving a 
stoichiometric amount of Cu salt with organosilicon reagents, see: (b) Yoshida, J.-i.; Tamao, K.; Kakui, T.; 
Kumada, M. Tetrahedron Lett. 1979, 20, 1141-1144. (c) Ikegashira, K.; Nishihara, Y.; Hirabayashi, K.; 
Mori, A.; Hiyama, T. Chem. Commun. 1997, 1039-1040. For Cu-catalyzed cross-coupling reactions of 
alkynyl- and alkenylsilanes, respectively, see: (d) Nishihara, Y.; Ikegashira, K.; Mori, A.; Hiyama, T. 
Tetrahedron Lett. 1998, 39, 4075–4078. (e) Nishihara, Y.; Ikegashira, K.; Toriyama, F.; Mori, A.; Hiyama, 
T. Bull. Chem. Soc. Jpn. 2000, 73, 985-990. 
(113) Trost, B. M.; Ball, Z. T.; Jöge, T. J. Am. Chem. Soc. 2002, 124, 7922-7923. 
(114) (a) Yanagisawa, A.; Kageyama, H.; Nakatsuka, Y.; Asakawa, K.; Matsumoto, Y.; Yamamoto, H. 
Angew. Chem., Int. Ed. 1999, 38, 3701-3703 (AgF-catalyzed reaction). (b) Taguchi, H.; Ghoroku, K.; 
Tadaki, M.; Tsubouchi, A.; Takeda, T. Org. Lett. 2001, 3, 3811-3814. (c) Yamasaki, S.; Fujii, K.; Wada, 
R.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2002, 124, 6536-6537.  
(115) Tomita, D.; Wada, R.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 4138-4139. 
(116) (a) Oisaki, K.; Suto, Y.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2003, 125, 5644-5645. (b) 
Oisaki, K.; Zhao, D.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2006, 128, 7164-7165. 
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provide access to useful organic compounds in high enantiomeric purity.117  In studies 
regarding conjugate addition, the most commonly employed system involves the use of a 
catalytic amount of copper in combination with an alkyl- or arylmetal reagent.118   With 
organosilanes as a nucleophile, however, catalytic conjugate additions have not been well 
established.  Although Pd-119 and Rh-catalyzed120 conjugate additions of organosilanes 
have been reported previously, the corresponding Cu-catalyzed transformations (racemic 
and enantioselective variants) have not been previously examined; there are only two 
disclosures that involve stoichiometric amount of Cu salts.121   
As depicted in eq 1, Kumada reported in 1982 that conjugate addition of 
alkylpentafluorosilicates to α,β-unsaturated ketones are mediated by copper(II) acetate (3 
examples are reported in 16–70% yield and alkenylsilicates does not undergo conjugate 
                                                
(117) (a) Kanai, M.; Shibasaki, M. Catalytic Asymmetric Synthesis; 2nd ed.; Ojima, I., Ed.; Wiley-VCH: 
2000; pp 569–592. (b) Alexakis, A.; Benhaim, C. Eur. J. Org. Chem. 2002, 3221–3236. 
(118) For recent reviews on enantioselective conjugate addition reactions involving organometallic 
nucleophilic reagents, see: (a) Krause, N.; Hoffmann-Röder, A. Synthesis 2001, 171–196. (b) Feringa, B. 
L.; Naaz, R.; Imbos, R.; Arnold, N. A. In Modern Organocopper Chemistry; Krause, N., Ed.; Wiley–VCH, 
Weinheim, 2002, pp 224–258. (c) López, F.; Minnaard, A. J.; Feringa, B. L. Acc. Chem. Res. 2007, 40, 
179–188. (d) Harutyunyan, S. R.; den Hartog, T.; Geurts, K.; Minnaard, A. J.; Feringa, B. L. Chem. Rev. 
2008, 108, 2824–2852. (e) Alexakis, A.; Bäckvall, J. E.; Krause, N.; Pàmies, O.; Diéguez, M. Chem. Rev. 
2008, 108, 2796–2823. (f) von Zezschwitz, P. Synthesis 2008, 1809–1831. (g) Gutnov, A. Eur. J. Org. 
Chem. 2008, 4547–4554. (h) Yamamoto, Y.; Nishikata, T.; Miyaura, N. Pure Appl. Chem. 2008, 80, 807–
817. 
(119) For non-enantioselective Pd-catalyzed conjugate additions with arylsiloxanes, see: (a) Nishikata, T.; 
Yamamoto, Y.; Miyaura, N. Chem. Lett. 2003, 752–753. (b) Denmark, S. E.; Amishiro, N. J. Org. Chem. 
2003, 68, 6997–7003. (c) Gini, F.; Hessen, B.; Feringa, B. L.; Minnaard, A. J. Chem. Commun. 2007, 710–
712. (d) Lerebours, R.; Wolf, C. Org. Lett. 2007, 9, 2737–2740. 
(120) For non-enantioselective Rh-catalyzed conjugate addition reactions with arylsiloxanes, see: (a) Mori, 
A.; Danda, Y.; Fujii, T.; Hirabayashi, K.; Osakada, K. J. Am. Chem. Soc. 2001, 123, 10774–10775. (b) 
Huang, T-S.; Li, C-J. Chem. Commun. 2001, 2348–2349. (c) Oi, S.; Honma, Y.; Inoue, Y. Org. Lett. 2002, 
4, 667–669. (d) Koike, T.; Du, X.; Mori, A.; Osakada, K. Synlett 2002, 301–303. (e) Murata, M.; 
Shimazaki, R.; Ishikura, M.; Watanabe, S.; Masuda, Y. Synthesis 2002, 717–719. For a review of Rh-
catalyzed conjugate addition reactions, see: (f) Hayashi, T.; Yamasaki, K. Chem. Rev. 2003, 103, 2829–
2844. 
(121) For conjugate additions of alkylcopperpentafluorosilicates to α,β-unsaturated ketones promoted by 
stoichiometric amounts of Cu salts, see: (a) Yoshida, J.; Tamao, K.; Kakui, T.; Kurita, A.; Murata, M.; 
Yamada, K.; Kumada, M. Organometallics 1982, 1, 369–380. (b) ref 3e. 
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addition).  Although a mechanism involving an alkylcopper intermediate cannot be ruled 
out, Kumada et al. have proposed a radical-based pathway.  More recently, Mori has 
disclosed an example of conjugate addition of phenylcopper, generated in situ from 
PhSiF3 and (CuOTf)2•C6H6, to methylvinyl ketone (eq 2). 






dmf, 60 °C, 15 h
Me




















3.2.a Pd-Catalyzed ECAs of Organosilicon Reagents 
In 2005, Miyaura and co-workers disclosed the first report on Pd-catalyzed ECA 
of organosilicon reagents.122a  As shown in Scheme 3.2.1, enantiomerically enriched 
cyclic ketones (a)–(e) are isolated in high yields (76–99% yield) with 88:12–97.5:2.5 er.  
Pd-complexes A or B promotes ECA of PhSiF3 to five- to seven-membered cyclic enones 
but with slightly decreased enantioselectivity in the case of cycloheptenone [(e), 88:12 
er].  The electronic characteristic of substituents at m-position of aryl nucleophile does 




                                                
(122) For Pd-catalyzed ECA reactions involving arylsilanes, see: (a) Nishikata, T.; Yamamoto, Y.; 
Gridnev, I. D.; Miyuara, N. Organometallics 2005, 24, 5025–5032. (b) Gini, F.; Hessen, B.; Feringa, B. L.; 
Minnaard, A. J. Chem. Commun. 2007, 710–712. 
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Scheme 3.2.1. Pd-catalyzed ECA of Organosilicon Reagents to Enones  
O O
MeOH/H2O (10/1), 0–5 °C, 21 h
3 mol % A or B



















































































Enantioselectivity of Pd-catalyzed ECAs to acyclic enones is sensitive to the β-
substituents of enones: β-aryl substituted enones afford ECA products in higher 
enantioselectivities [97.5:2.5 er for (i) and 98.5:1.5 er for (j)] over β-alkyl substituted 
enones [90:10–94:6 er for (f)–(h)].  Acyclic enones containing increased steric bulk at the 
β-position, such as an isopropyl or a cyclohexyl groups, are much less effective as 
substrates [43% yield for (h) and <5% conv for (k)] than aryl substituted acyclic enones 
[85% and 88% yields for (i) and (j), respectively]. 
More recently, Minnaard and Feringa reported Pd-catalyzed ECA protocol to 
provide cyclic ketones with improved enantioselectivities (94:6–99.5:0.5 er, Scheme 
3.2.2).122b  Conjugate additions of m- and p-tolylsilanes are efficient [60 and 64% yield 
for (d) and (e)], but sterically demanding o-tolylsilane is not efficient for this ECA 
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process [15% conv for (c)].  Electronically less reactive lactone (g) and lactam (h) are 
isolated in 20 and 60% yield, requiring higher reaction temperature [100 °C for (g)]. 




2 equiv PhSi(OEt)3, 1 equiv ZnF2
dioxane/H2O (4/1), 50 °C, 18 h
5 mol % Pd(CH3CN)4(BF4)2
















































3.2.b Rh-cataylzed ECAs of Organosilicon Reagents 
The first report on Rh-catalyzed ECA123 of organosilanes was disclosed by Inoue 
and co-workers in 2003.124a  As depicted in Scheme 3.2.3, a chiral Rh complex, generated 
from [Rh(cod)(MeCN)2]BF4 and (S)-BINAP, promotes ECA of organosiloxanes to 
various cyclic and acyclic α,β-unsaturated enones affording β-aryl- and alkenyl carbonyl 
compounds in 54–93% yield and in up to 99:1 er.  ECAs of alkenyl-and arylsiloxanes to 
cyclic enones are highly selective [93.5:6.5–99:1 er for (a)–(e)], but for acyclic enones, 
                                                
(123) For a review on Rh-catalyzed enantioselective conjugate additions, see: Hayashi, T.; Yamasaki, K. 
Chem. Rev. 2003, 103, 2829–2844.  
(124) For Rh-catalyzed ECA reactions involving aryl- or alkenylsilanes, see: (a) Oi, S.; Taira, A.; Honma, 
Y.; Inoue, Y. Org. Lett. 2003, 5, 97–99. (b) Otomaru, Y.; Hayashi, T. Tetrahedron: Asymmetry 2004, 15, 
2647–2651. (c) Oi, S.; Taira, A.; Honma, Y.; Sato, T.; Inoue, Y. Tetrahedron: Asymmetry 2006, 17, 598–
602. (d) Hargrave, J. D.; Herbert, J.; Bish, G.; Frost, C. G. Org. Biomol. Chem. 2006, 4, 3235–3241. (e) 
Nakao, Y.; Chen, J.; Imanaka, H.; Hiyama, T.; Ichikawa, Y.; Duan, W-L.; Shintani, R.; Hayashi, T. J. Am. 
Chem. Soc. 2007, 129, 9137–9143. (f) Shintani, R.; Ichikawa, Y.; Hayashi, T.; Chen, J.; Nakao, Y.; 
Hiyama, T. Org. Lett. 2007, 9, 4643–4645. 
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sterically hindered β-substituents are necessary for high enantioselectivity [99:1 er for (h) 
vs 87.5:12.5 er for (g)].  The ECAs to an unsaturated ester and amide are also efficient 
[93% yield for (i) and 75% yield for (j)] in 95:5 er and 90.5:9.5 er, respectively.  Later, 
the same research group showed that this protocol could be further utilized for ECAs to 
various α,β-unsaturated esters and amides affording corresponding products in 30–93% 
yield and in 86:14–99.5:0.5 er.124c 
Scheme 3.2.3. Rh-catalyzed ECA of Organosiloxanes to Unsaturated Carbonyls 
O
2 equiv PhSi(OEt)3
dioxane/H2O (10/1), 90 °C, 20 h
2 mol % [Rh(cod)(CH3CN)2]BF4





























































In 2004, Hayashi and co-workers demonstrated that Inoue’s catalytic systems can 
promote tandem hydrosilylation/ECA process in one pot.124b As shown in Scheme 3.2.4, 
Rh-catalyzed ECAs of five- to seven-membered cyclic enones are efficient [65–89% 
yield, (a)–(d)] and selective (95:5–96.5:3.5 er) with in situ generated styrenyl siloxane 
from phenylacetylene and HSi(OEt)3 in the presence of the chiral Rh-BINAP complex.  
ECAs of alkyl- or silyl-substituted vinyl siloxanes afford products (e) and (f) with the 
highest enantioselectivities (99:1 er). ECA to acyclic enone, however, results in 
decreased selectivity [89:11 er for (g)]. 
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Scheme 3.2.4. Rh-catalyzed Tandem Hydrosilylation/ECA Process 
2.5 equiv phenylacetylene
3.7 equiv HSi(OEt)3
dioxane/H2O (10/1), 90 °C, 20 h
3 mol % [Rh((S)-BINAP)(CH3CN)2]BF4






































Hayashi group also has reported another protocol for Rh-catalyzed ECA to 
various α,β-unsaturated enones.124e As illustrated in Scheme 3.2.5, in the presence of 
chiral diene ligand A and B, ECAs of [2-(hydroxymethyl)phenyl]dimethylphenylsilane 
provide enantomerically enriched cyclic and acyclic ketones (a)–(d) in high yields (91–
94%) with high enantioselectivities (98.5:1.5–99.5:0.5 er).  ECAs of various alkenyl 
groups to cyclic enones are also selective (95:5–98:2 er) but in slightly decreased yields 
[70–90% yield, (e)–(g)]. 
Scheme 3.2.5. Rh-catalyzed ECA of Organo[2-(hydroxylmethyl)phenyl]dimethylsilanes 
15 mol % 1.0 M KOH aq
thf, 40 °C, 5–15 h
3 mol % [RhCl(C2H4)2]2



































ligand A R = Ph 
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The same research group further demonstrated Rh-catalyzed ECAs of various 
alkenyl groups to β-silyl α,β-unsaturated acyclic enones.124f  The primary alkyl, 
secondary alkyl, and aryl substituted enones are all effective for ECAs of 2-propenyl and 
α-styrenyl group, affording the corresponding allylsilanes in high yields (88–96%) and 
enantioselectivities [96.5:3.5–98.5:1.5 er, (a)–(d) in Scheme 3.2.6].  Additions of 
trisubstituted alkenyl silanes are also efficient without diminution in yield or selectivity 
[(e) and (f)]; the use of a linear alkenyl nucleophile decreases enantioselectivity [78:22 er 
for (g)]. 
Scheme 3.2.6. Rh-catalyzed ECA of Alkenyl [2-(hydroxymethyl)phenyl]dimethylsilanes 
to β-Silyl α,β-Unsaturated Enones  
6 mol % 1.0 M KOH aq
dioxane, 50 °C, 12 h
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3.3 NHC–Cu-catalyzed Enantioselective Conjugate Additions of 
Aryl- and Alkenylsilylfluorides to α ,β-Unsaturated Cyclic 
Enones125 
To develop the first examples of Cu-catalyzed ECA of organosilanes, we 
surmised that the principal impetus is not only the identification of an efficient set of 
protocols that allow for efficient activation of organosilanes by a proper activator, but 
also finding a Cu–ligand complex.  Thus, design, synthesis, and examination of catalytic 
activity of easily accessible and readily modifiable chiral ligand are necessary. 
To initiate our study, we envisioned a plausible mechanistic pathway for ECA of 
aryltrifluorosilane to an enone.  As illustrated in Scheme 3.3.1, a hypervalent silicate, in 
situ-generated from an aryltrifluorosilane and a fluorinating agent, may react with an 
NHC–Cu complex I, wherein the transition metal is bound to an effective leaving group 
(e.g., a halide), affording an NHC–Cu–aryl complex II as well as SiF4 (bp = –86 °C).126  
Association of the Lewis acidic NHC–Cu with the α,β-unsaturated ketone furnishes 
complex III.  Subsequent conjugate addition furnishes Cu-enolate IV, which is expected 
to react with another equivalent of hypervalent silicate affording ECA product V and 
regeneration of NHC–Cu–aryl complex II (Scheme 3.3.1). 
 
  
                                                
(125) Lee, K.-s.; Hoveyda, A. H. J. Org. Chem. 2009, 74, 4455–4462.   
(126) For a recent study regarding transmetalation of an NHC–Cu–F complex with triethoxyarylsilane, see: 
(a) Herron, J. R.; Ball, Z. T. J. Am. Chem. Soc. 2008, 130, 16486–16487. (b) Russo, V.; Herron, J. R.; Ball, 
Z. T. Org. Lett. 2010, 12, 220–223. 
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To identify a chiral NHC–Cu complex for an efficient ECA process based on 
general pathway, described in Scheme 3.3.1, commercially available cyclohexenone 3.1 
and phenyltrifluorosilane as a representative substrate and nucleophile, respectively, were 
employed (Table 3.3.1).  To activate of the silicon reagent, tris(dimethylamino)sulfonium 
difluorotrimethylsilicate (TASF) was used for the initial investigation. 
As shown in Table 3.3.1, bidentate NHC–Ag I–III in combination with CuCl (5 
mol %) proceed to <2% conversions.  In contrast, Cu-catalyzed ECA of the aryl silane to 
cyclohexenone, in the presence of 5 mol % of monodentate (NHC–Ag X), provides 
ketone 3.2 in 52% conversion with 85.5:14.5 er.  The corresponding C2-symmetric 
variant NHC–Ag XI is less efficient and selective in promoting the ECA (17% conv and 
67:33 er).  
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Table 3.3.1  Activity of NHC–Ag(I) Complexes for Enantioselective Conjugate Addition 

















2.5–5.0 mol % NHC•Ag
5.0 mol % CuCl
1.5 equiv PhSiF3
1.5 equiv TASF


















































a Reactions performed under N2 atmosphere. b Conversion levels were 
determined by analysis of 400 MHz 1H NMR spectra of unpurified
products. c Enantiomeric ratio (er) values were determined by GLC











The ineffectiveness of chiral bidentate NHC complexes, which exist in the 
dimeric form, might arise from the decreased nucleophilicity of phenylsilicate; unlike in 
Cu-catalyzed ECA processes involving Zn-, Mg-, or Al-based nucleophiles with NHC–
Ag I–III,127 generation of a catalytically active monomeric bidentate ligand from the 
                                                
(127) For application of bidentate NHC–Cu complexes, developed in these laboratories, to catalytic 
enantioselective allylic alkylations and conjugate additions, see: (a) Larsen, A. O.; Leu, W.; Nieto-
Oberhuber, C.; Campbell, J. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2004, 126, 11130–11131. (b) Lee, K-s.; 
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dimeric form by dissociation might be slower with hypervalent organosilicate reagents 
than with nucleophilic organometallic reagents.  
1.33
1.0 equiv CuCl or CuBr
1.0 equiv NaOt-Bu










X = Cl (3.3) or Br (3.4)
(3)
 
With more efficient monodentate catalytic species, NHC–CuCl (3.3), prepared 
directly from 1.33 with NaOt-Bu and CuCl (eq 3), we screened various fluorinating 
agents in solvents at 60 °C in an effort in increasing reactivity in the Cu-catalyzed ECA 
of phenyltrifluorosilane.  As shown in Table 3.3.2, with tetrabutylammonium 
triphenyldifluorosilicate (TBAT), conversions are improved to afford ketone 3.2 in 51–
97% conv, however, with lower enantioselectivity (<80:20 er) in various solvents.  The 
use of TASF delivered product 3.2 in slightly increased conversion as well as higher 
selectivities (70–>98% conv, 70.5:29.5–84:16 er).  Notably, with retained 
enantioselectivity, the reaction with TASF in CH2Cl2 is significantly increased with the 
use of preformed NHC–CuCl 3.3, compared to in situ-generated NHC–CuCl from NHC–
Ag X and CuCl: >98% conv and 84:16 er with 3.3 (vs 52% conv and 85.5:14.5 er with 
                                                
Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 7182–7184. (c) Van Veldhuizen, 
J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 6877–6882. (d) Brown, 
M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 1097–1100. (e) 
Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2007, 46, 4554–
4558. (f) Lee, Y.; Akiyama, K.; Gillingham, D. G.; Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 
130, 446–447. (g) May, T. L.; Brown, M. K.; Hoveyda, A. H. Angew. Chem., Int. Ed. 2008, 47, 7358–7362. 
(h) Brown, M. K.; Hoveyda, A. H. J. Am. Chem. Soc. 2008, 130, 12904–12906.  For related developments 
from other laboratories, see: (i) Arnold, P. L.; Rodden, M.; Davis, K. M.; Scarisbrick, A. C.; Blake, A. J.; 
Wilson, C. Chem. Commun. 2004, 1612–1613. (j) Clavier, H.; Coutable, L.; Toupet, L.; Guillemin, J-C.; 
Mauduit, M. J. Organomet. Chem. 2005, 690, 5237–5254. (k) Martin, D.; Kehrli, S.; d’Augustin, M.; 
Clavier, H.; Mauduit, M.; Alexakis, A. J. Am. Chem. Soc. 2006, 128, 8416–8417.  For application of the 
same class of chiral bidentate NHC complexes to enantioselective hydroboration, see: (l) Lee, Y.; Hoveyda, 
A. H. J. Am. Chem. Soc. 2009, 131, 3160–3161. 
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NHC–Ag X and CuCl).  Dichloromethane in combination with TASF was found to be an 
optimal sovent in terms of enantioselectivity and efficiency.  The highest selectivity is 
obtained in the ECA with tetramethylammonium fluoride (TMAF) (87.5:12.5 er), but the 
reaction is less efficient (24% conv). 
Table 3.3.2  Activity of a Fluoride Source in Various Solvents for ECA of 
Cyclohexenone with PhSiF3 
O
+
1.5 equiv fluoride source


















TMAF nd nd ndnd24; 87.5:12.5
[conv (%); er]






5 mol % NHC–Cu 3.3
3.23.1
 
For the further optimization of reaction conditions, we screened Cu salts in the 
presence of NHC–Ag X.  As illustrated in Table 3.3.3, all ECAs with Cu salts examined 
deliver the product 3.2 with similar enantioselectivity (84:16–86.5:13.5 er) at 40 °C.  The 
highest conversion is observed when ECA was performed in presence of CuBr (79% 
conv, entry 2 in Table 3.3.3).  In contrast to CuBr, the corresponding Cu (II) salt is less 
efficient (30% conv with CuBr2•SMe2, entry 3) implying slow reduction of Cu(II) salt to 
Cu(I) species by the nucleophile.  Copper cyanide is ineffective probably due to the slow 
reaction of NHC–CuCN with the arylsilicate species to generate NHC–Cu–Ar 
intermediate, reflecting the strong Cu–CN bond. 
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Table 3.3.3  Screening of Cu Salts for ECA Reactions with NHC–Ag X 
a Determined by 400 MHz 1H NMR analysis.   b Determined by GLC 


















5.0 mol % NHC–Ag X
5.0 mol % Cu salt
1.5 equiv PhSiF3
1.5 equiv TASF



























As briefly mentioned previously in the screening of the fluorinating agents and 
solvents (Table 3.3.2), the use of a preformed NHC–Cu complex (vs in situ-generated 
complex) was found to catalyze the ECA process more efficiently.  For the further 
comparison, we prepared chiral NHC–CuBr (3.4) as well as NHC–CuCl (3.3) (eq 3).  As 
the data in Scheme 3.3.2 illustrate, in the presence of preformed NHC–CuBr (3.4), ECA 
process is more efficient (>98% conv vs 79% conv with NHC–Ag X and CuBr).  A 
similar trend is found for NHC–CuCl (3.3)-catalyzed reaction (82% conv vs 52% conv 
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Scheme 3.3.2. Comparison of Preformed NHC–Cu Complexes vs In situ-generated 
NHC–Cu Complexes in Promoting ECA 
O O
Ph
5.0 mol % catalyst
1.5 equiv PhSiF3
1.5 equiv TASF






5.0 mol % NHC–Ag X
5.0 mol % CuCl
5.0 mol % NHC–Ag X




















85:15 er  
For the effective design of chiral monodentate NHC ligands for Cu-catalyzed 
ECAs of aryltrifluorosilanes, we postulated that the association of NHC–Cu catalyst with 
the cyclic enones is the critical step to determine enantioselectivity of products.  In order 
to maximize the overlap between the Cu–aryl bond and the π* of the electrophilic alkene 
of enones, four possible coordination modes of substrates through four quadrants were 
illustrated in Scheme 3.3.3 (A–D); the orientation of the N-Ar substituents of the NHC 
are based on X-ray crystal structures such as those shown in Scheme 1.4.2 (Chaper 1).  
The major concept for the design of NHC ligands is based on an assumption of that the 
cyclic enone would approach to the less hindered portion of the catalyst.  Eliminating one 
ortho-substituent (positioning of only three ortho-substituent such as a, b, and c in mode 
A) will leave the remaining position open for the effective coordination of the substrate.   
The substrate approach mode A represents the most accessible mode for the 
observed enantioselectivity of products.  Mode B, however, is expected to afford the 
opposite enantiomer of products and be less favored due to the steric repulsion between 
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the substrate and the dissymmetric N–Ar unit.  With a substituent at the meta-position, 
such as d in B, the enantioselectivity could be enhanced by discouraging the coordination 
mode B.  Due to the increased steric repulsions with the substrate (as well as for the 
aforementioned effective substrate coordination), introducing any substituents at the 
ortho-positon to d would be detrimental to both mode A and B.  The coordination mode 
C and D are expected to have energetically unfavorable steric interactions of the enone 
with existing ortho-substituents a and b.  C2-Symmetric chiral NHC, which lacks 
substituents b and d, is expected to be similarly selective (e.g., 67:33 er with NHC–Ag 
XI, vs 85.5:14.5 er with NHC–Ag X in entry 4–5, Table 3.3.1), but lower reactivity (17% 
conv) with C2-symmetric NHC–Ag XI might result from steric interaction between the 
substrate and sterically demanding phenyl group in the C2-symmetric NHC complex.  
Thus, we decided to develop C1-symmetric variants of NHCs because of not only our 
initial results, but also because C1-symmetric NHC-metal complexes – particularly the 
monodentate variants – have not been widely developed and utilized in enantioselective 
catalysis.128,129 
                                                
(128) For examples of C2-symmetric chiral NHC–metal complexes used in enantioselective catalysis, see: 
(a) Herrmann, W. A.; Goossen, L. J.; Köcher, C.; Artus, G. R. J. Angew. Chem., Int. Ed. Engl. 1996, 35, 
2805–2807. (b) Seiders, T. J.; Ward, D. W.; Grubbs, R. H. Org. Lett. 2001, 3, 3225–3228. (c) Guillen, F.; 
Winn, C. L.; Alexakis, A. Tetrahedron: Asymmetry 2001, 12, 2083–2086. (d) Pytkowicz, J.; Roland, S.; 
Mangeney, P. Tetrahedron: Asymmetry 2001, 12, 2087–2089. (e) Ma, Y.; Song, C.; Ma, C.; Sun, Z.; Chai, 
Q.; Andrus, M. B. Angew. Chem., Int. Ed. 2003, 42, 5871–5874. (f) Jensen, D. R.; Sigman, M. S. Org. Lett. 
2003, 5, 63–65. (g) Tominaga, S.; Oi, Y.; Kato, T.; An, D. K.; Okamoto, S. Tetrahedron Lett. 2004, 45, 
5585–5588. (h) Chaulagain, M. R.; Sormunen, G. J.; Montgomery, J. J. Am. Chem. Soc. 2007, 129, 9568–
9569. (i) Sato, Y.; Hinata, Y.; Seki, R.; Oonishi, Y.; Saito, N. Org. Lett. 2007, 9, 5597–5599. (j) Baxter, R. 
D.; Montgomery, J. J. Am. Chem. Soc. 2008, 130, 9662–9663. (k) Xu, L.; Shi, Y. J. Org. Chem. 2008, 73, 
749–751. (l) Matsumoto, Y.; Yamada, K.; Tomioka, K.-i. J. Org. Chem. 2008, 73, 4578–4581. (m) Lillo, 
V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; Fernández, E. Organometallics, 
2009, 28, 659–662. 
(129) Although C1-symmetric chiral monodentate NHCs are commonly employed as catalysts, application 
of the corresponding metal-based complexes is relatively uncommon in enantioselective catalysis.  See: (a) 
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With the optimized reaction condition, we investigated ECAs of PhSiF3 to 
cyclohexenone 3.1 in the presence of a number of C1-symmetric chiral NHC–Cu 
complexes, derived from chiral imidazolinium salts and CuBr. 130   To initiate the 
identification of an optimal ligand for higher enantioselectivity, we altered the size of 
substituents of the symmetric aryl unit of the carbene.  As the findings in Scheme 3.3.4 
illustrate, NHC–Cu complex, derived from 1.34 where the aryl group is changed to more 
sterically demanding diethylphenyl group (vs mesityl), promotes the ECA to afford the 
product 3.2 in higher selectivity (90:10 er vs 85:15 er with NHC–Cu complex from 1.33) 
without diminution of reactivity (95% conv).  Further extention of this type of alterations 
to a more sterically bulky i-Pr substituent such as 1.35, the ECA is less efficient (49% 
                                                
Enders, D.; Gielen, H.; Runsink, J.; Breuer, K.; Brode, S.; Boehn, K. Eur. J. Inorg. Chem. 1998, 913–919. 
(b) Duan, W-L.; Shi, M.; Rong, G-B. Chem. Commun. 2003, 2916–2917. (c) Focken, T.; Rudolph, J.; 
Bolm, C. Synthesis 2005, 429–436. (d) Li, S-J.; Zhong, J-H.; Wang, Y-G. Tetrahedron: Asymmetry 2006, 
17, 1650–1654. (e) Fournier, P-A.; Collins, S. K. Organometallics 2007, 26, 2945–2949. (f) Vehlow, K.; 
Wang, D.; Buchmeiser, M. R.; Blechert, S. Angew. Chem., Int. Ed. 2008, 47, 2615–2618.  
(130) For the detail informations of synthesis of chiral imidazolinium salts, see Chapter 1. 
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conv) but with similar enantioselectivity (89:11 er).  By removing a phenyl group on 
backbone of heterocycle from 1.33, the mesityl group is able to freely rotate (catalyst 
derived from 3.3), resulting in an increased steric environment.  Therefore, the efficiency 
of the ECA in the presence of the corresponding NHC–Cu complex from 3.3 is slightly 
decreased (68% conv).  Eliminating the ortho-substituents provides the product with 
lower enantioselectivity (66.5:33.5 er with 1.29), reflecting the importance of substituents 
on the symmetric aryl unit.  As disscussed through the models in Scheme 3.3.3, alteration 
of the ortho-substituent b and c does affect the enantioselectivity of the product by 
discouraging substrate approach proximal to the symmetrically substituted N-aryl group.  
Such variations can also change the orientation of the phenyl units of the carbene 
backbone, in turn altering the conformational preferences of the dissymmetrically 
substituted N-Ar moiety.  The observed differences in the reactivity and selectivity in 
initial result with NHC–Ag X and NHC–Ag XI (entry 4 and 5 in Table 3.3.1), might, 
therefore, be partly due to conformational preferences of one N-Ar group, which depends 
on the substituents of the other N-aryl unit through two phenyl groups on the heterocycle. 
Next, as the data of the ECAs promoted by NHC–Cu complexes derived from 
1.30–1.32, illustrate in Scheme 3.3.4, the substitution pattern of symmetric aryl unit is 
important: p-tert-butyl (1.30) and m-diethyl- (1.31) or m-di-tert-butyl-substituents (1.32) 
decreased enantioselectivity to 57:43–71.5:28.5 er in the ECA reactions, emphasizing the 
importance of an ortho-substitution pattern in the symmetric aryl unit.  These finding also 
demonstrate that NHC–Cu complexes bearing sterically demanding substituents (e.g., 
NHC–Cu complexes derived from 1.32 and 1.35) adversely affect the rate of 
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transmetalation step (i.e., I→II in Scheme 3.3.1) as well as substrate coordination step 
(i.e., II→III).   
Scheme 3.3.4. Screening of C1-Symmetric Chiral Imidazolinium Salts Used to 
Prepare Corresponding NHC–CuBr Complexes for ECA Reactions 
1. 5.0 mol % imidazolinium salt
5.0 mol % CuBr
5.0 mol % NaOt-Bu,thf, 22 °C, 3 h
2. 1.5 equiv PhSiF3














95% conv, 90:10 er
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83% conv, 60:40 er
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97% conv, 78.5:21.5 er
(at 60 °C)
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41% conv, 77.5:22.5 er
MeO
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84% conv, 76:24 er
1.45
88% conv, 86.5:13.5 er
1.46
94% conv, 86.5:13.5 er  
Subsequently, we investigated the variation effect of substituents of a in the 
models in Scheme 3.3.3 for the ECA reactions.  We expected that NHC–Cu complexes 
derived from 1.48–1.50 as well as 3.4 might improve enantioselectivity of ECA reactions 
by association of the Lewis basic heteroatoms to Cu, resulting in discouraging substrate 
coordinaton mode C as represented by complex E in Scheme 3.3.5.  As the data in 
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Scheme 3.3.4 illustrate, however, enantioselectivities are slightly decreased to 70.5:29.5–
84.5:15.5 er (vs 85:15 er with NHC–Cu complex derived from 1.33).  These results may 
be explained by the conformational tilt of dissymmetric N-aryl substituent, driven by 
association of the substituent a with the Cu center, which can cause the front left quadrant 
more accessible and coordinaton mode B more favorable, as depicted in E in Scheme 
3.3.5.  ECAs with NHC–Cu complexes, derived from chiral imidazolinium salts 1.45–
1.47, afford the desired products in lower enantioselectivities (76:24–86.5:13.5 er), 
demonstrating that increasing the size of substituent a causes diminution of 
enantioselectivity as well.  As illustrated in F (Scheme 3.3.5), conformational adjustment 
to minimize steric repulsion between the ortho-substituent a and the NHC backbone 
likely leads to a similar conformational preference.  























Based on our substrate approach models in Scheme 3.3.3, further efforts to 
identify the optimal NHC ligand led us to develop chiral NHCs, which can disfavor 
coordination mode B in Scheme 3.3.3.  As depicted in Scheme 3.3.6, synthesis and 
examination for ECA of imidazolinium salt 1.28, containing meta-methyl substituent, 
results in slightly increased enantioselectivity than the parent 1.33 (87:13 er vs 84.4:14.5 
in Scheme 3.3.2).  Increasing steric bulks at the meta-position to an i-propyl (1.36) and a 
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t-butyl groups (1.37), however, deliver the corresponding products in much more 
improved enenatioselectivities (90:10 and 93.5:6.5 er, respectively).  It is plausible that 
the m-methyl of 1.28 might not be sufficiently sizable to make its presence felt by the 
approaching substrate.  Furthermore, we prepared the corresponding diethylphenyl 
substituted variants of 1.28 and 1.36 (i.e., 1.38 and 1.39) and examined their activity in 
the ECA reactions (Scheme 3.3.6); as the steric bulk increases at the meta-position, the 
enantioselectivity increased as well, affording the product 3.2 in 88.5:11.5 and 93.5:6.5 
er, respectively.  The highest enantioselectivity is obtained when NHC–Cu complex 
derived from imidazolinium salt 1.40 was used (95:5 er).  Positioning of a methyl 
substituent at the ortho-positon gave rise to a ECA reaction that proceeded with slightly 
lower enantioselectivity compared to meta-substitutued 1.38 and parent 1.34 (87:13 er).  
With a ligand bearing napthyl substituent (containing ortho- and meta-substitution), 
enantioselectivity is not further improved delivering ketone 3.2 in 88:12 er. 
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>98% conv. 93.5:6.5 er
1. 5.0 mol % imidazolinium salt
5.0 mol % CuBr
5.0 mol % NaOt-Bu,thf, 22 °C, 3 h
2. 1.5 equiv PhSiF3
























>98% conv, 88.5:11.5 er
1.39
94% conv, 93.5:6.5 er
1.40
98% conv, 95:5 er
1.41
94% conv, 87:13 er
1.42
79% conv. 88:12 er  
In the course of syntheses of chiral imidazolinium salts 1.36–1.39, atropisomers 
were observed and isolated by silica gel chromatography.131  Examination of these in 
ECA reactions, however, resulted in substantially diminished reactivities and 
enantioselectivities affording 3.2 in 37–93% conv and in 40.5:59.5–63.5:36.5 er (Scheme 
3.3.7), reflecting that association mode A, in these cases, became energetically less 
favored because of the steric repulsion between the protruding ortho-phenyl substituent 
and the cyclohexenone 3.1. 
We also prepared the C2-symmetric variant of the optimal ligand 1.40 and utilize 
the corresponding NHC–Cu complex in promoting the ECA (1.55 in Scheme 3.3.7); 
without diminution of enantoselectivity, ketone 3.2 is obtained with slightly decreased 
                                                
(131) For the ratio of atropiosmers of the chiral imidazolinium salts, see Chapter 1. 
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conversion (68% conv vs 98% conv with NHC–Cu complex derived from 1.40).  The 
lower efficiency of the C2-symmetric NHC–Cu complex might be rationalized by the 
result of stronger tendency of the relatively less hindered C2-symmetric Cu-based 
complex to transform into less active bridged structures.  This proposal is supported by 
the stronger tendency of Cl-based complexes (vs Br-based) to form structures that are 
bridged through the halide ligands,132 and the larger difference in the efficiency of ECA 
reactions performed in the presence of NHC–Cu-chlorides derived from NHC–Ag X and 
XI (Table 3.3.1, 52% vs 17% conv).  It might be suggested that for similar reasons, when 
C2-symmetric 1.55 is utilized in the presence of CuCl, only 16% conversion is observed 
under identical condition (vs 68% conv with CuBr in Scheme 3.3.7).  Thus, by 
discouraging the formation of less active Cu-based systems, the larger size of the 
substituents of the symmetric N-aryl moiety promotes higher activity without 








                                                
(132) (a) Carvajal, A.; Liu, X-Y.; Alemany, P.; Novoa, J. J.; Alvarez, S. Int. J. Quant. Chem. 2002, 86, 
100–105. (b) Samant, R. A.; Ijeri, V. S.; Srivastava, A. K. J. Electroanal. Chem. 2002, 534, 115–121. 
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Scheme 3.3.7. Cu-Catalyzed ECAs of Cyclohexenone and PhSiF3 with Minor NHC 



































1. 5.0 mol % imidazolinium salt
5.0 mol % CuBr
5.0 mol % NaOt-Bu,thf, 22 °C, 3 h
2. 1.5 equiv PhSiF3












68% conv, 95:5 er  
With the optimal NHC–Cu complex in hand, we investigated the ECA reaction of 
various aryltrifluorosilanes133 with TASF to various cyclic enones.  As shown in Scheme 
3.3.8, β-aryl cyclohexenones (3.5–3.7) are isolated in 90–93% yield: silanes containing 
sterically hindered (3.5), electron-donating (3.6), and electron-withdrawing (3.7) aryl 
groups are efficient nucleophiles to cyclohexenone and products are obtained with high 
enantioselectivities (94:6–96.5:3.5 er).  ECA reactions to medium sized cyclic enones are 
selective as well; the corresponding cycloheptanones 3.8–3.11 as well as cyclooctanone 
3.12 are obtained in 92.5:7.5–98.5:1.5 er.  Recations with medium size cyclic enones, 
however, proceed less efficiently than those of cyclohexenone, requiring an extended 
reaction time (40 h, for 3.9, 3.10, and 3.12).  In the case of ECA of o-tolyltrifluorosilane 
                                                
(133) The arylsilyltrifluoride reagents used in this study are prepared based on previously reported 
procedures: (a) Brook, M. A.; Neuy, A. J. Org. Chem. 1990, 55, 3609–3616. (b) Powell, D. A.; Fu, G. C. J. 
Am. Chem. Soc. 2004, 126, 7788–7789.  The aryl-based reagents are typically obtained in 40–65% yield 
after distillation. 
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to cycloheptenone, higher catalyst loading (20 mol %, 3.9) is necessary as well.  Cu-
catalyzed ECAs to cyclopentenone are equally efficient, but the products are isolated 
with significantly lower enantiomeric purities (81.5:18.5 and 90:10 er for 3.13 and 3.14, 
respectively).  It is possible that with the smaller cyclic enone, coordination mode B and 
C become more competitive with mode A in Scheme 3.3.3.  The products 3.2 and 3.8 can 
also be obtained in the ECA reactions with 0.75 equiv of Ph2SiF2 in high yields (85–92% 
yield) and in similar enantioselectivities (94:6 er), implying that both phenyl groups in 
Ph2SiF2 are transferred in the course of the catalytic process. 
Scheme 3.3.8. ECA reactions of Aryltrifluorosilanes to Various Cyclic Enones with 























(40 h, 3 equiv TASF)









(20 mol % catalyst, 40 h)




























98% conv, 92% yield
90:10 er
1. 5.0 mol % 1.40
5.0 mol % CuBr
5.0 mol % NaOt-Bu,thf, 22 °C, 3 h
2. 1.5 equiv ArSiF3
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Next, we investigated ECA reactions of alkenyltrifluorosilanes.  As shown in eq 
4, styrenyltrifluorosilanes are prepared by hydrosilylation of alkyne 3.15 with 
trichlorosilane, followed by treatment with Na2SiF6 to afford the desired alkenylsilane 
reagent 3.16.  The same process was applied to the syntheses of other 




1. 1.5 equiv HSiCl3
0.1 mol % H2PtCl6
THF, 22 °C, 16 h
90% yield
2. 2.0 equiv Na2SiF6
150 °C, 7 h, 89% yield3.15
(4)
 
As summarized in Scheme 3.3.9, NHC–Cu-catalyzed ECA reactions involving 
alkenylsilane reagents provide the corresponding β-alkenylketones in high efficiency 
(82–>98% conversion).  Additions of styrenylsilane reagent 3.16 to five- to eight-
membered cyclic enones are efficient but result in lower enantioselecitvity (73.5:26.5–
96:4 er, 3.17–3.20, Scheme 3.3.9), compared to the additions of aryltrifluorosilane 
reagents (Scheme 3.3.8).  The same trend in enantioselectivity is found in ECA reactions 
of the cyclohexylvinyltrifluorosilanes, but with slightly lower selectivity than the 
additions of 3.16 (69.5:30.5–88.5:11.5 er, 3.21–3.24).  In contrast to additions of 
arylsilicon reagents, increasing steric bulk of alkenylsilanes did not increase 
enantioselectivity of the product (76.5:23.5 er and 83.5:16.5 er for 3.25 and 3.26, 
respectively).  The lower enantioselectivity of ECAs to cyclopentenone was consistent 
with the result with aryltrifluorosilanes.   
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Scheme 3.3.9. ECA Reactions of Alkenyltrifluorosilanes to Various Cyclic Enones with 
Catalytic NHC–Cu Complex Derived from Chiral Imidazolinium Salt 1.40 
O O
alkenyln n
1. 5.0 mol % 1.40
5.0 mol % CuBr
5.0 mol % NaOt-Bu,THF, 22 °C, 3 h
2. 1.5 equiv (alkenyl)SiF3






































































Extension of the corresponding protocol to acyclic enones was investigated.  As 
illustrated in Scheme 3.3.10, enone 3.27 and 3.28 were selected as initial substrates for 
the addition of PhSiF3.  In the presence of the optimal NHC–Cu complex derived from 
1.40, ECA reactions of PhSiF3 to both acyclic enones afford the products in high 
efficiency, but with significantly lower enantioselectivities (54:46 er for 3.29 and 62:38 
er for 3.30).  Alteration of the symmetric N-aryl substituent to a mesityl unit (1.37) did 
not affect the enantioselectivity (57.5:42.5 er for 3.29 and 62.5:37.5 er for 3.30).  
Positioning a smaller meta-substituent in the dissymmetric N-aryl unit such as methyl 
(1.38) or hydrogen (1.34) from t-butyl (1.40), however, increases selectivity slightly (e.g., 
67.5:32.5 er and 71:29 er for 3.30 with 1.38 and 1.34, respectively).  The fundamentally 
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different structure of acyclic enones (s-trans, vs s-cis in cyclic enones) may account for 
the lower enantioselectivity. 
Scheme 3.3.10. Screening of C1-Symmetric Chiral Imidazolinium Salts for ECAs of 





1. 5.0 mol % imidazolinium salt
5.0 mol % CuBr
5.0 mol % NaOt-Bu,thf, 22 °C, 3 h
2. 1.5 equiv PhSiF3

















3.27 R = Me
3.28 R = Ph
3.29 R = Me

















3.30 (62:38 er)  
In conclusion, we have developed the first Cu-catalyzed method of ECA of aryl- 
and alkenylsilane reagents to various cyclic enones.  Reactions are promoted by C1-
symmetric chiral monodentate NHC–Cu complexes and afford the desired β-aryl- or β-
alkenylketones in up to 98.5:1.5 er and 96:4 er, respectively.  This protocol can be carried 
out with easily accessible aryl- and alkenylsilicon reagents and thus do not require air and 
moisture sensitive organometallic reagents as nucleophiles (e.g., Grignard reagents, 
organozinc, and organoaluminium reagents).  The current investigation verified the 
validity of the catalytic cycle, proposed in Scheme 3.3.1, by demonstrating that aryl- and 
alkenylsilanes can be effectively activated and used in the enantioselective carbon–
carbon bond forming reactions. 
Further development of these easily modifiable monodentate NHCs will 
potentially improve the current process regarding enantioselectivity and help us to 
investigate synthetically more challenging enantioselective conjugate alkyne addition. 
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3.4 Experimentals  
General.  Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, νmax in cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 
MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm).  
Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility at Boston College.  Enantiomer 
ratios were determined by HPLC analysis (Chiral Technologies Chiralpak AD–H, 4.6 x 
250 mm, Chiral Technologies Chiralpak AS–H, 4.6 x 250 mm, Chiral Technologies 
Chiralcel OD–H, 4.6 x 250 mm, Chiral Technologies Chiralcel OJ–H, 4.6 x 250 mm, and 
Chiral Technologies Chiralcel OD–R, 4.6 x 250 mm), and GLC analysis (Alltech 
Associated Betadex 120 column, 30 m x 0.25 mm; Alltech Associated CDB-DM 120 
column, 30 m x 0.25 mm), in comparison with authentic racemic materials.  Unless 
otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 °C) and flame-dried glassware with standard dry 
- 274 - 
box or vacuum-line techniques.  Solvents were purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: toluene and benzene 
were purified through a copper oxide and alumina column; CH2Cl2 and Et2O were purged 
with argon and purified by passage through two alumina columns.  Tetrahydrofuran (thf) 
was purified by distillation from sodium benzophenone ketyl immediately prior to use.  
All work-up and purification procedures were carried out in air with reagent grade of 
solvents, which were purchased from Doe and Ingalls.  For all chiral imidazolinium salts 
and NHC–Ag complexes, see Chapter 1. 
Reagents and Catalysts: 
Copper (I) acetate was purchased from Strem Inc. and used as received. 
Copper (I) chloride was purchased from Strem Inc. and used as received. 
Copper (I) cyanide was purchased from Strem Inc. and used as received. 
Copper (I) bromide was purchased from Strem Inc. and used as received. 
Copper (I) iodide was purchased from Strem Inc. and used as received. 
Copper (I) triflate benzene complex (white solid) was prepared by previously reported 
methods.134 
Copper (I) triflate toluene complex (brown solid) was purchased from Aldrich 
(99.99%) and used as received. 
2-Cyclopentenone was purchased from Aldrich and distilled prior to use. 
2-Cyclohexenone was purchased from Aldrich and distilled prior to use. 
2-Cycloheptenone was purchased from Aldrich and distilled prior to use. 
                                                
(134) Salomon, R. G.; Kochi, J. K. J. Am. Chem. Soc. 1973, 95, 1889–1897. 
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2-Cyclooctenone was prepared by a previously reported procedure.135  
Phenyltrifluorosilane was purchased from Oakwood Chemical Inc and used as received. 
Sodium tert-butoxide (98%) was purchased from Strem Inc. and used as received. 
Trifluoromethanesulfonic acid was purchased from Aldrich and used as received. 
Tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF) was purchased from 
Aldrich and used as received. 
Tetrabutylammonium triphenyldifluorosilicate (TBAT) was purchased from Aldrich 
and used as received. 
Tetramethylammonium fluoride (TMAF) was purchased from Aldrich and used as 
received. 
  Experimental  
 Representative experimental procedure for NHC–Cu-catalyzed conjugate 
addition of aryl- and alkenyltrifluorosilane reagents to cyclic enones: An oven-dried 
vial equipped with a stir bar was charged with PhSiF3 (79 mg, 0.49 mmol), 
tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF, 135 mg, 0.49 mmol), and 
CH2Cl2 (1 mL) under a dry N2 atmosphere in a glovebox.  The mixture was allowed to 
stir for 5 min, after which 2-cyclohexenone 3.1 (32 mg, 0.33 mmol) and NHC–CuBr 
complex derived from imidazolinium salt 1.40 (11 mg, 0.016 mmol) were added.  The 
vial was sealed with a cap before removal from the glove box.  After 20 h at 40 °C, the 
homogeneous light yellow solution was diluted with CH2Cl2 (3 mL), and the reaction was 
quenched by the addition of a 3.0 M solution of HCl (1 mL).  The organic layer was 
                                                
(135) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011–1013. 
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separated and the aqueous layer was washed with CH2Cl2 (2x2 mL).  The combined 
organic layers were washed with a saturated aqueous NaHCO3 solution (2 mL), brine (2 
mL), and water (2x2 mL), and dried over MgSO4.  The volatiles were removed in vacuo 
and the resulting light yellow oil was purified by silica gel column chromatography 
(hexanes/Et2O:10/1) to afford 52 mg (0.30 mmol, 91% yield) of (S)-3-
phenylcyclohexanone (3.2) as a colorless oil.  1H NMR (400 MHz, CDCl3): δ 7.35–7.31 
(2H, m), 7.26–7.22 (3H, m), 3.05–2.97 (1H, m), 2.63–2.34 (4H, m), 2.18–2.07 (2H, m), 
1.91–1.72 (2H, m).  Optical rotation: [α]D20 –39.1 (c 0.975, CHCl3) for an 95:5 er 
sample.136  Enantiomeric purity was determined by GLC analysis in comparison with 
authentic racemic material (95:5 er shown below; β-dex chiral column, 115 °C, 15 psi).  
 
(S)-3-(2-Tolyl)cyclohexanone (3.5). 1H NMR (400 MHz, CDCl3): δ 7.26–7.12 (4H, m), 
3.26–3.18 (1H, m), 2.55–2.37 (4H, m), 2.33 (3H, s), 2.21–2.14 (1H, m), 2.03–2.00 (1H, 
                                                
(136) All spectroscopic data match those reported previously; see: Takaya, Y.; Ogasawara, M.; Hayashi, T. 
J. Am. Chem. Soc. 1998, 120, 5579–5580. 
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m), 1.90–1.77 (2H, m).  Optical rotation: [α]D20 –42.1 (c 0.750, CHCl3) for an 96.5:3.5 er 
sample.  The spectroscopic data matched those reported previously.137  Enantiomeric 
purity was determined by GLC analysis in comparison with authentic racemic material 
(96.5:3.5 er shown below; β-dex chiral column, 120 °C, 12 psi). 
 
(S)-3-(4-Methoxyphenyl)cyclohexanone (3.6). 1H NMR (400 MHz, CDCl3): δ 7.14 (2H, 
d, J = 8.4 Hz), 6.86 (2H, d, J = 8.8 Hz), 3.79 (3H, s), 3.00–2.92 (1H, m), 2.59–2.32 (4H, 
m), 2.19–2.04 (2H, m), 1.86–1.70 (2H, m).  Optical rotation: [α]D20 –48.0 (c 1.00, CHCl3) 
for an 94:6 er sample.  The spectroscopic data matched those reported previously.138  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (94:6 er shown below; chiraldex-α-TA column, 130 °C, 20 psi). 
                                                
(137) (a) Boiteau, J.-G.; Imbos, R.; Minnaard, A. J.; Feringa, B. L. Org. Lett. 2003, 5, 681–684. (b) Gini, 
F.; Hessen, B.; Minnaard, A. Org. Lett. 2005, 7, 5309–5312. 
(138) Ma, Y.; Song, C.; Ma, C.; Sun, Z.; Chai, Q.; Andrus, M. B. Angew. Chem., Int. Ed. 2003, 42, 5871–
5874.  
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(S)-3-(4-Fluorophenyl)cyclohexanone (3.7). 1H NMR (400 MHz, CDCl3): δ 7.20–7.14 
(2H, m), 7.03–6.97 (2H, m), 3.03–2.95 (1H, m), 2.59–2.32 (4H, m), 2.17–2.04 (2H, m), 
1.86–1.70 (2H, m).  Optical rotation: [α]D20 –21.3 (c 0.50, CHCl3) for an 94:6 er sample.  
The spectroscopic data matched those reported previously.138  Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (94:6 er 
shown below; chiraldex-α-TA column, 115 °C, 15 psi). 
 
(S)-3-Phenylcycloheptanone (3.8). 1H NMR (400 MHz, CDCl3): δ 7.30 (2H, t, J = 7.4 
Hz), 7.22–7.17 (3H, m), 2.97–2.87 (2H, m), 2.68–2.58 (3H, m), 2.10–1.97 (3H, m), 1.78–
1.66 (2H, m), 1.55–1.43 (1H, m).  Optical rotation: [α]D20 –61.3 (c 1.00, CHCl3) for an 
95:5 er sample.  The spectroscopic data matched those reported previously.138  
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Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (95:5 er shown below; β-dex chiral column, 125 °C, 15 psi). 
 
(S)-3-(2-Methylphenyl)cycloheptanone (3.9). 1H NMR (400 MHz, CDCl3): δ 7.20–7.08 
(4H, m), 3.09 (1H, tt, J = 11.4, 2.0 Hz), 2.93 (1H, dd, J = 14.0, 12.0 Hz), 2.63–2.54 (3H, 
m), 2.33 (3H, s), 2.11–1.98 (3H, m), 1.80–1.66 (2H, m), 1.54–1.44 (1H, m).  Optical 
rotation: [α]D20 –103.2 (c 1.29, CHCl3) for an 98.5:1.5 er sample.  The spectroscopic data 
matched those reported previously.139  Enantiomeric purity was determined by GLC 
analysis in comparison with authentic racemic material (98.5:1.5 er shown below; β-dex 
chiral column, 120 °C, 20 psi). 
                                                
(139) Otomaru, Y.; Okamoto, K.; Shintani, R.; Hayashi, T. J. Org. Chem. 2005, 70, 2503–2508. 
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(S)-3-(4-Methoxyphenyl)cycloheptanone (3.10). 1H NMR (400 MHz, CDCl3): δ 7.09 
(2H, d, J = 8.8 Hz), 6.83 (2H, d, J = 8.8 Hz), 3.78 (3H, s), 2.93–2.82 (2H, m), 2.63–2.56 
(3H, m), 2.08–1.96 (3H, m), 1.75–1.65 (2H, m), 1.53–1.43 (1H, m).  Optical rotation: 
[α]D20 –44.3 (c 1.00, CHCl3) for an 92.5:7.5 er sample.  The spectroscopic data matched 
those reported previously.139  Enantiomeric purity was determined by GLC analysis in 
comparison with authentic racemic material (92.5:7.5 er shown below conditions: 
chiracel OD column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 1.0 mL/min, 210 nm).  
 
3-(4-Fluorophenyl)cycloheptanone (3.11). IR (neat): 2927 (m), 2855 (m), 1695 (s), 
1603 (m), 1508 (s), 1445 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.14–7.09 (2H, m), 
6.96 (2H, dd, J = 8.8, 8.8 Hz), 2.92–2.84 (2H, m), 2.63–2.55 (3H, m), 2.06–1.95 (3H, m), 
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1.75–1.64 (2H, m), 1.52–1.43 (1H, m). 13C NMR (100 MHz, CDCl3): δ 213.2, 161.4 (d, J 
= 242.9 Hz), 142.7 (d, J = 3.0 Hz), 127.9 (d, J = 7.6 Hz), 115.4 (d, J = 21.3 Hz), 51.4, 
44.0, 42.1, 39.4, 29.2, 24.2; HRMS Calcd for C13H16OF [M+H] (ESI+): 207.1180, Found: 
207.1177.  Optical rotation: [α]D20 –82.6 (c 1.00, CHCl3) for an 93:7 er sample.  
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (93:7 er shown below; chiraldex-α-TA column, 115 °C, 15 psi). 
 
3-Phenylcyclooctanone (3.12). IR (neat): 2925 (s), 2854 (s), 1702 (s), 1464 (m) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.33–7.19 (5H, m), 3.19 (1H, tt, J = 12.4, 3.2 Hz), 2.95 (1H, 
t, J = 12.4 Hz), 2.58–2.41 (3H, m), 2.18–2.06 (1H, m), 1.96–1.84 (2H, m), 1.79–1.50 
(4H, m), 1.46–1.36 (1H, m). 13C NMR (100 MHz, CDCl3): δ 216.2, 146.5, 128.7, 126.8, 
126.5, 48.4, 44.8, 43.2, 35.3, 27.8, 24.6, 24.3; HRMS Calcd for C14H19O [M+H] (ESI+): 
203.1436, Found: 203.1440.  Optical rotation: [α]D20 +3.4 (c 0.50, CHCl3) for an 90:10 er 
sample.  Enantiomeric purity was determined by GLC analysis in comparison with 
authentic racemic material (92.5:7.5 er shown below; chiraldex-α-TA column, 100 °C, 20 
psi). 
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(S)-3-Phenylcyclopentanone (3.13). 1H NMR (400 MHz, CDCl3): δ 7.35–7.31 (2H, m), 
7.26–7.24 (3H, m), 3.46–3.37 (1H, m), 2.66 (1H, dd, J = 18.0, 7.6 Hz), 2.49–2.25 (4H, 
m), 2.04–1.93 (1H, m).  Optical rotation: [α]D20 –33.2 (c 0.50, CHCl3) for an 81.5:18.5 er 
sample.  The spectroscopic data matched those reported previously.137  Enantiomeric 
purity was determined by GLC analysis in comparison with authentic racemic material 
(81.5:18.5 er shown below; chiraldex-α-TA column, 140 °C, 20 psi). 
 
(S)-3-(2-Methylphenyl)cyclopentanone (3.14). 1H NMR (400 MHz, CDCl3): δ 7.23–
7.14 (4H, m), 3.65–3.57 (1H, m), 2.64 (1H, dd, J = 18.0, 7.4 Hz), 2.54–2.26 (4H, m), 
2.39 (3H, s), 2.06–1.95 (1H, m).  Optical rotation: [α]D20 –46.9 (c 0.50, CHCl3) for an 
90:10 er sample.  The spectroscopic data matched those reported previously.139  
- 283 - 
Enantiomeric purity was determined by GLC analysis in comparison with authentic 
racemic material (90:10 er shown below; β-dex chiral column, 113 °C, 12 psi). 
 
(S)-3-Styrenylcyclopentanone (3.17). 1H NMR (400 MHz, CDCl3) (NMR spectrum 
includes a small amount of inseparable impurity.): δ 7.37–7.21 (5H, m), 6.46 (1H, d, J = 
16.0 Hz), 6.22 (1H, dd, J = 16.0, 7.2 Hz), 3.08–2.97 (1H, m), 2.49 (1H, dd, J = 18.4, 7.6 
Hz), 2.43–2.35 (1H, m), 2.31–2.18 (2H, m), 2.13 (1H, dd, J = 18.4, 10.4 Hz), 1.87–1.76 
(1H, m).  Optical rotation: [α]D20 –45.2 (c 0.50, CHCl3) for an 73.5:26.5 er sample.  The 
spectroscopic data matched those reported previously. 140   Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (73.5:26.5 er 
shown below; chiraldex-α-TA column, 130 °C, 20 psi). 
                                                
(140) Otomaru, Y.; Hayashi, T. Tetrahedron: Asymmetry 2004, 15, 2647–2651. 
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(S)-3-Styrenylcyclohexanone (3.18). 1H NMR (400 MHz, CDCl3): δ 7.37–7.28 (4H, m), 
7.24–7.20 (1H, m), 6.39 (1H, dd, J = 16.0, 1.0 Hz), 6.16 (1H, dd, J = 16.0, 7.2 Hz), 2.72–
2.63 (1H, m), 2.56–2.50 (1H, m), 2.44–2.37 (1H, m), 2.36–2.27 (2H, m), 2.14–2.07 (1H, 
m), 2.05–1.98 (1H, m), 1.80–1.69 (1H, m), 1.67–1.57 (1H, m).  Optical rotation: [α]D20 
+6.9 (c 1.00, CHCl3) for an 87:13 er sample.  The spectroscopic data matched those 
reported previously. 141   Enantiomeric purity was determined by GLC analysis in 
comparison with authentic racemic material (87:13 er shown below; chiraldex-α-TA 
column, 140 °C, 20 psi). 
 
(S)-3-Styrenylcycloheptanone (3.19). 1H NMR (400 MHz, CDCl3): δ 7.33–7.18 (5H, 
                                                
(141) Wipf, P. Smitrovich, J. H.; Moon, C.-W. J. Org. Chem. 1992, 57, 3178–3186. 
- 285 - 
m), 6.38 (1H, d, J = 16.0 Hz), 6.14 (1H, dd, J = 16.0, 7.2 Hz), 2.70–2.46 (5H, m), 2.00–
1.87 (3H, m), 1.70–1.60 (1H, m), 1.57–1.42 (2H, m).  Optical rotation: [α]D20 –8.4 
(c 1.00, CHCl3) for an 96:4 er sample.  The spectroscopic data matched those reported 
previously.141  Enantiomeric purity was determined by GLC analysis in comparison with 
authentic racemic material (96:4 er shown below; β-dex chiral column, 140 °C, 15 psi).  
 
3-Styrenylcyclooctanone (3.20). IR (neat): 2926 (s), 2855 (s), 1697 (s), 1446 (m) cm-1; 
1H NMR (400 MHz, CDCl3): δ 7.36–7.28 (4H, m), 7.23–7.19 (1H, m), 6.42 (1H, d, J = 
16.0 Hz), 6.18 (1H, dd, J = 16.0, 7.2 Hz), 2.87–2.80 (1H, m), 2.64 (1H, t, J = 12.0 Hz), 
2.53–2.37 (3H, m), 2.08–1.96 (1H, m), 1.93–1.80 (2H, m), 1.74–1.67 (1H, m), 1.58–1.36 
(4H, m); 13C NMR (100 MHz, CDCl3): δ 216.2, 137.5, 134.7, 128.7, 128.5, 127.4, 126.2, 
46.8, 43.3, 41.6, 33.4, 27.9, 24.6, 23.8; HRMS Calcd for C16H21O [M+H] (ESI+): 
229.1592, Found: 229.1600.  Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (92:8 er shown below conditions: chiracel OJ 
column (25 cm x 0.46 cm), 99.5/0.5 hexanes/i-PrOH, 1.0 mL/min, 254 nm). 
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(S)-3-(2-Cyclohexylvinyl)cyclohexanone (3.22). 1H NMR (400 MHz, CDCl3): δ 5.37 
(1H, dd, J = 15.6, 5.6 Hz), 5.30 (1H, dd, J = 15.6, 5.2 Hz), 2.46–2.13 (5H, m), 2.07–1.99 
(1H, m), 1.93–1.84 (2H, m), 1.72–1.60 (6H, m), 1.51–1.41 (1H, m), 1.30–0.97 (5H, m).  
Optical rotation: [α]D20 +2.1 (c 0.33, CHCl3) for an 83.5:16.5 er sample.  The 
spectroscopic data matched those reported previously.141  Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (83.5:16.5 er 
shown below; chiraldex-α-TA column, 105 °C, 20 psi). 
 
3-(2-Cyclohexylvinyl)cycloheptanone (3.23). IR (neat): 2920 (s), 2849 (s), 1699 (s), 
1447 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 5.36 (1H, dd, J = 15.6, 5.6 Hz), 5.30 (1H, 
dd, J = 15.6, 6.0 Hz), 2.57–2.42 (3H, m), 2.35–2.27 (1H, m), 1.96–1.83 (4H, m), 1.72–
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1.56 (6H, m), 1.48–1.35 (2H, m), 1.33–0.97 (6H, m); 13C NMR (100 MHz, CDCl3): δ 
214.3, 135.3, 131.8, 50.1, 44.2, 40.7, 39.2, 37.7, 33.3, 33.3, 28.6, 26.3, 26.2, 26.2, 24.2; 
HRMS Calcd for C15H25O [M+H] (ESI+): 221.1905, Found: 221.1902.  Optical rotation: 
[α]D20 –10.3 (c 0.50, CHCl3) for an 88.5:11.5 er sample.  Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (88.5:11.5 er 
shown below; chiraldex-α-TA column, 100 °C, 15 psi; complete separation of 
enantiomers was not achieved despite exhaustive screening of GLC conditions). 
 
3-(2-Cyclohexylvinyl)cyclooctanone (3.24). IR (neat): 2921 (s), 2850 (s), 1699 (s), 1447 
(m) cm-1; 1H NMR (400 MHz, CDCl3): δ 5.38 (1H, dd, J = 15.6, 6.0 Hz), 5.31 (1H, dd, J 
= 15.6, 6.0 Hz), 2.63–2.54 (1H, m), 2.51–2.40 (2H, m), 2.36–2.28 (2H, m), 2.02–1.79 
(3H, m), 1.72–1.61 (7H, m), 1.50–0.97 (9H, m); 13C NMR (100 MHz, CDCl3): δ 216.8, 
135.1, 132.1, 47.4, 43.2, 41.1, 40.7, 33.8, 33.3, 33.3, 27.9, 26.3, 26.2, 26.2, 24.7, 23.8; 
HRMS Calcd for C16H27O [M+H] (ESI+): 235.2062, Found: 235.2051.  Optical rotation: 
[α]D20 +2.9 (c 0.70, CHCl3) for an 86:14 er sample.  Enantiomeric purity was determined 
by GLC analysis in comparison with authentic racemic material (86:14 er shown 
below; β-dex chiral column, 125 °C, 20 psi). 
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(S)-3-(1,2-Diphenylvinyl)cyclohexanone (3.26). 1H NMR (400 MHz, CDCl3) (NMR 
spectrum includes a small amount of inseparable impurity.): δ 7.36–7.30 (3H, m), 7.11–
7.06 (5H, m), 6.86–6.83 (2H, m), 6.44 (1H, s), 2.89–2.81 (1H, m), 2.58–2.52 (1H, m), 
2.41–2.34 (2H, m), 2.30–2.22 (1H, m), 2.13–2.08 (1H, m), 2.04–2.01 (1H, m), 1.75–1.56 
(2H, m).  Optical rotation: [α]D20 –9.1 (c 0.50, CHCl3) for an 83.5:16.5 er sample.  The 
spectroscopic data matched those reported previously. 142   Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (83.5:16.5 
er shown below conditions: chiracel OD column (25 cm x 0.46 cm), 99.7/0.3 hexanes/i-
PrOH, 1.0 mL/min, 254 nm). 
 
                                                
(142) Chang, H.-T.; Jayanth, T. T.; Wang, C.-C.; Cheng, C.-H. J. Am. Chem. Soc. 2007, 129, 12032–
12041.  
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Chapter  4. NHC–Cu-Catalyzed Enantioselective 1,4- and 
1,6-Conjugate Silyl Additions to Unsaturated 
Carbonyls  
4.1 Introduction 
Development of practical and efficient catalytic protocols for the formation of 
organosilicon compounds is an important objective due to their broad utility in organic 
synthesis; 143  transformations delivering enantiomerically enriched allylsilanes are 
particularly attractive.  Carbon–silicon bonds are considered carbon–oxygen bond 
equivalents upon oxidation and thus, have been used in many natural product syntheses 
because they are sufficiently robust to allow for a range of functionalization processes 
without causing decomposition or side reactions.  Representative natural products 
involving β-silylcarbonyls and allylsilanes in their synthesis routes are illustrated in 
Figure 4.1.1.144  To obtain enantiomerically enriched β-silylcarbonyls and allylsilanes, 
                                                
(143) For reviews regarding the utility of organosilicon compounds including allylsilanes, see: (a) Chan, T. 
H.; Wang, D. Chem. Rev. 1992, 92, 995–1006. (b) Masse, C. E.; Panek, J. S. Chem. Rev. 1995, 95, 1293–
1316. (c) Jones, G. R.; Landais, Y. Tetrahedron 1996, 52, 7599–7662. (d) Fleming, I.; Barbero, A.; Walter, 
D. Chem. Rev. 1997, 97, 2063–2192 and references therein. (e) Barbero, A.; Pulido, F. J. Acc. Chem. Res. 
2004, 37, 817–825. 
(144) (a) Panek, J. S.; Xu, F. J. Am. Chem. Soc. 1995, 117, 10587–10588. (b) Panek, J. S.; Masse, C. E. J. 
Org. Chem. 1997, 62, 8290–8291. (c) Panek, J. S.; Xu, F.; Rondón, A. C. J. Am. Chem. Soc. 1998, 120, 
4113–4122. (d) Masse, C. E.; Yang, M.; Solomon, J.; Panek, J. S. J. Am. Chem. Soc. 1998, 120, 4123–4134. 
(e) Panek, J. S.; Jain, N. F. J. Am. Chem. Soc. 1998, 120, 4572–4573. (g) Panek, J. S.; Masse, C. E. Angew. 
Chem., Int. Ed. 1999, 38, 1093–1095. (g) Hu, T.; Takenaka, N.; Panek, J. S. J. Am. Chem. Soc. 1999, 121, 
9229–9230. (h) Liu, P.; Panek, J. S. J. Am. Chem. Soc. 2000, 122, 1235–1236. (i) Zhu, B.; Panek, J. S. Org. 
Lett. 2000, 2, 2575–2578. (j) Panek, J. S.; Jain, N. F. J. Org. Chem. 2001, 66, 2747–2756. (k) Zhu, B.; 
Panek, J. S. Eur. J. Org. Chem. 2001, 1701–1714. (l) Hu, T.; Takenaka, N.; Panek, J. S. J. Am. Chem. Soc. 
2002, 124, 12806–12815. (m) Arefolov, A.; Panek, J. S. Org. Lett. 2002, 4, 2397–2400. (n) Carter, K. D.; 
Panek, J. S. Org. Lett. 2004, 6, 55–57. (o) Langille, N. F.; Panek, J. S. Org. Lett. 2004, 6, 3203–3206. (p) 
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however, multi-step procedures were required followed by the resolution of racemic 
mixtures. 
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Shao, J.; Panek, J. S. Org. Lett. 2004, 6, 3083–3085. (q) Lipomi, D. J.; Langille, N. F.; Panek, J. S. Org. 
Lett. 2004, 6, 3533–3536. (r) Huang, H.; Panek, J. S. Org. Lett. 2004, 6, 4383–4385. (s) Arefolov, A.; 
Panek, J. S. J. Am. Chem. Soc. 2005, 127, 5596–5603. (t) Wrona, I. E.; Lowe, J. T.; Turbyville, T. J.; 
Johnson, T. R.; Beignet, J.; Beutler, J. A.; Panek, J. S. J. Org. Chem. 2009, 74, 1897–1916. 
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For example, in the course of the total synthesis of (+)-mycotrienol and (+)-
mycotrienin I, two required intermediates, (b) and (c), were synthesized from β-ester-
containing allylsilane (d) and β-silyllactone (e), respectively.144b,e  The intermediate (e) 
derived from the other enantiomer of allylsilane (d) were obtained by enzymatic 
resolution of racemic mixtures.  

























































Another example of natural product synthesis involving a β-ester-containing 
allylsilane is depicted in Scheme 4.1.2.  (+)-Macbecin I was synthesized from 
intermediate (a) by Still-Gennari olefination followed by macrolactamization.  Three 
consecutive sets of two neighboring stereogenic centers are prepared from compound (b), 
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As illustrated in Scheme 4.1.3, the required β-ester-containing allylsilanes were 
prepared from hydroxyvinylsilane (a), which was obtained by alkynylation of an 
aldehyde.  After enzymatic resolution of the racemic mixture (a), the chiral 
hydroxyvinylsilane proceeds to afford the desired intermediate (c) by an ortho-ester 
Claisen rearrangement.  Further oxidative cleavage followed by reduction affords β-
silyllactone (d) after lactonization.145 
Scheme 4.1.3. Synthesis of Enantiomerically Enriched β-Silylcarbonyls and Allylsilanes 
SiMe2Ph
OH













Great effort has been devoted to development of catalytic transformations for the 
synthesis of β-silylcarbonyl compounds.  One approach to obtain β-silylcarbonyls is Cu-
catalyzed conjugate reductions of β-silyl-α,β-unsaturated esters in presence of a 
ferrocenylphosphine ligand with poly(methylhydrosiloxane) as a stoichiometric source of 
                                                
(145) (a) Sparks, M. A.; Panek, J. S. J. Org. Chem. 1991, 56, 3431–3438. (b) Panek, J. S.; Clark, T. D. J. 
Org. Chem. 1992, 57, 4323–4326. 
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hydride.146  As depicted in Scheme 4.1.4, both E and Z isomers of β-silyl-α,β-unsaturated 
esters are effective to afford enantiomerically enriched β-silylesters (a) and (b) in 96% 
and 98% yield, and 97.5:2.5 er and >97.5:2.5 er, respectively.  The corresponding 
methylester substrate proceeds to afford the desired product efficiently and selectively as 
well (97% yield and >97.5:2.5 er).  Aryl-substituted β-silyl-α,β-unsaturated esters (d)–(f) 
are isolated in 82–89% yield with >91.5:8.5 er–>97.5:2.5 er. 





96% yield, 97.5:2.5 er
(–30 °C, 9 h; from Z)
(a)
1 mol % CuCl, 1 mol % NaOt-Bu
1 equiv poly(methylhydrosiloxane)







89% yield, 95.5:4.5 er





98% yield, >97.5:2.5 er




97% yield, >97.5:2.5 er




98% yield, >91.5:8.5 er






82% yield, >97.5:2.5 er




Another approach is the conjugate additions of carbon-based nucleophiles to β-
silyl-α,β-unsaturated carbonyls delivering β-silylcarbonyls.  In 2005, Hayashi and co-
workers reported Rh-catalyzed enantioselective conjugate additions of arylboronic acids 
to β-silyl-α,β-unsaturated enones in the presence of a chiral bicyclicdiene (Scheme 
4.1.5).147  Phenylboronic acid additions to β-silyl-substituted methyl (a) and phenyl 
enones (b) proceed efficiently and selectively affording the corresponding products in 
94% yield with high enantiomeric purity (99.5:0.5 er and 98.5:1.5 er, respectively).  
                                                
(146) Lipshutz, B. H.; Tanaka, N.; Taft, B. R.; Lee, C.-T. Org. Lett. 2006, 8, 1963–1966. 
(147) Shintani, R.; Okamoto, K.; Hayashi, T. Org. Lett. 2005, 7, 4757–4759. 
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Arylboronic acids bearing an electron-donating (c) or an electron-withdrawing group (d), 
as well as sterically demanding o-tolylboronic acid are effective as nucleophiles, 
furnishing the desired products in 90–95% yield and 96.5:3.5–98:2 er.  Enantiomerically 
enriched β-silyl-ester (f) and TBS-substituted ketone are isolated in 88% and 95% yield 
with 97.5:2.5 er and >99:1 er, repectively.    
Scheme 4.1.5. Rh-catalyzed Enantioselective Conjugate Additions of Arylboronic Acids 
PhMe2Si Me
O 1.5 mol % [RhCl(C2H4)2]2
1.5 equiv PhB(OH)2
30 mol % KOH
dioxane/H2O (10/1)










































Another method to obtain β-silyl-carbonyls through catalytic enantioselective 
conjugate additions was reported by the Jacobsen group (Scheme 4.1.6).148  In the 
presence of an aluminum–salen catalyst, allyldimethylsilyl imide reacts with various 
nucleophiles; reaction with malononitrile and both unsubstituted and aryl-substituted 
cyanoacetate derivatives afford the desired products (a)–(e) in 70–88% yield and 96:4–
>99:1 er with 1.2:1–9:1 dr.  One drawback is that this catalytic system requires long 
reaction time (2–5 days) to isolate the products in reasonable yields. 
 
                                                
(148) Balskus, E. P.; Jacobsen, E. N. J. Am Chem. Soc. 2006, 128, 6810–6812. 
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88% yield, >99.5:0.5 er







73% yield, 96:4 er








70% yield, 97.5:2.5 er








71% yield, 97:3 er




As illustrated in Scheme 4.1.7, our research group has also reported an efficient 
method for synthesis of β-silylcarbonyls through Cu-catalyzed enantioselective conjugate 
additions in the presence of an amino acid-based phosphine ligand.149  Reactions with 
diethyl and dimethylzinc reagents to β-silyl-α,β-unsaturated methylketone afford the 
corresponding products (a)–(d) in 59–96% yield and 97.5:2.5–98:2 er.  Substrates bearing 
sterically bulky isopropyl (e) and phenyl ketones (f) are equally efficient and selective 
(75% and 91% yield and 97.5:2.5 er and 94.5:5.5 er).  The corresponding reactions with 
various arylzinc reagents are also efficient (66–82% yield), but afford the products in 





                                                
(149) Kacprzynski, M.; Kazane, S. A.; May, T. L.; Hoveyda, A. H. Org. Lett. 2007, 9, 3187–3190. 
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1 mol % (CuOTf)2•C6H6






































































Catalytic enantioselective conjugate addition (ECA) of organometals to electron-
deficient olefins is an important transformation in organic synthesis providing access to 
enantiomerically enriched organic compounds.150  In studies regarding enantioselective 
formation of organosilicon reagents, although methods involving enantioselective 
conjugate reduction and enantioselective conjugate addition to β-silyl-containing α,β-
unsaturated carbonyls have been reported previously, the direct silicon conjugate addition 
approaches are not well established.  A limited number of catalytic non-enantioselecitve 
and enantioselective methods have been reported.  
                                                
(150) (a) Kanai, M.; Shibasaki, M. Catalytic Asymmetric Synthesis; 2nd ed.; Ojima, I., Ed.; Wiley-VCH: 
2000; pp 569–592. (b) Alexakis, A.; Benhaim, C. Eur. J. Org. Chem. 2002, 3221–3236. 
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4.2.a Non-enantoselective Methods for Direct Catalytic 
Conjugate Silyl Additions 
In 1998, Lipshutz and co-workers disclosed a method of Cu-catalyzed conjugate 
additions of in situ-prepared bis(dimethylphenylsilyl)zinc reagents (Scheme 4.2.1).151,152  
In the presence of a cuprate catalyst, quaternary silicon-containing β-keto compounds (a) 
and (b) are synthesized in 90% and 83% yield.  An α,β-unsaturated enal serves as an 
effective substrate as well [84% yield, (c)]. 









1. PhMe2SiLi + Me2Zn














As shown in Scheme 4.2.2, Cu-catalyzed conjugate additions of disilanes were 
reported by the Hosomi group in 1998.153  The protocol requires 10 mol % Cu (I) salt and 
11 mol % phosphine ligands in dmf with heating conditions; without phosphine ligand, 
conversion is low [33% conv for (b)].  β-Silyl-cyclic ketones (a) and (b) are obtained in 
76% yield.  Acyclic α,β-unsaturated enones as well as the corresponding enals proceed 
                                                
(151) For Pd-catalyzed catalytic conjugate silyl additions, see (a) Tamao, K.; Okazaki, S.; Kumada, M. J. 
Organomet. Chem. 1978, 146, 87–93. (b) Hayashi, T.; Matsumoto, Y.; Ito, Y. Tetrahedron Lett. 1988, 29, 
4147–4150. (c) Ogoshi, S.; Tomiyasu, S.; Morita, M.; Kurosawa, H. J. Am Chem. Soc. 2002, 124, 11598–
11599. 
(152) (a) Lipshutz, B. H.; Sclafani, J. A.; Takanami, T. J. Am Chem. Soc. 1998, 120, 4021–4022.  For the 
same catalytic systems reported by Oesteich group. (b) Oestreich, M.; Weiner, B. Synlett 2004, 2139–2142. 
(c) Auer, G.; Weiner, B.; Oestreich, M.; Synthesis 2006, 2113–2116. 
(153) Ito, H.; Ishizuka, T.; Tateiwa, J.-i.; Sonoda, M.; Hosomi, A. J. Am Chem. Soc. 1998, 120, 11196–
11197.   
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efficiently to afford the desired products in 79%–95% yield [(c)–(e)].  The quaternary β-
silylketone (f), however, is isolated in 35% yield even after elongated reaction time (66 h).   




5 mol % (CuOTf)2•C6H6
11 mol % Bu3P
1.2 equiv (SiPhMe2)2
dmf, 60–100 °C
11–66 h; TsOH/ H2O 76% yield

































In 2004, the Scheidt group reported a similar method to the Hosomi group’s 
disclosure; the system requires more reactive alkylidene malonates as substrates and 10 
mol % pyridine as ligand (Scheme 4.2.3).  Aryl substrates including electron-donating 
substituents deliver the desired products (a)–(c) (53–67% yield).  A substrate bearing an 
electron-withdrawing substituent, however, does not react at all (d).  Reactions with 
alkyl-substituted substrates are less efficient even with increased catalyst loading (15 
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2.5 mol % (CuOTf)2•C6H6
10 mol % pyridine
1.2 equiv (SiPhMe2)2
dmf/toluene




































7.5 mol % Cu salt
30 mol % pyridine
7.5 mol % Cu salt
30 mol % pyridine  
4.2.b Enantioselective Method for Direct Catalytic Conjugate 
Silyl Additions 
The pioneering work on enantioselective conjugate silyl additions was reported by 
Hayashi and co-workers in 1988.154  As depicted in Scheme 4.2.4, PdCl2[(+)-binap] 
promotes enantioselective conjugate additions of PhCl2SiSiMe3 to 4-phenyl-3-buten-2-
one delivering β-silyl ketone (a) (71% yield and 89:11 er) after alkylation of the β-
dichlorophenylsilyl ketone by MeLi.  The corresponding β-silyl arylketones (b) and (c) 
are isolated in 72% and 64% yield with 93.5:6.5 er and 96:4 er, respectively.  The more 
sterically demanding β-isopropyl substituted α,β-unsaturated enone, however, is less 
efficient [42% yield, (d)].  β-Silylpentanone (e) is obtained with slightly decreased 
enantioselectivity (87:13 er) in 65% yield.  In order to isolate enantiomerically enriched 
β-silylketones, this catalytic method requires methylation of the two moisture sensitive 
chloride atoms in the conjugate addition products (β-silyl substituted silylenolether). 
                                                
(154) (a) Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am Chem. Soc. 1988, 110, 5579–5581. (b) Matsumoto, Y.; 
Hayashi, T.; Ito, Y. J. Am Chem. Soc. 1994, 50, 335–346. 
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Scheme 4.2.4. Pd-catalyzed ECA of Cl2PhSiSiMe3 to α,β-Unsaturated Carbonyls 
PhMe
O
0.5 mol % PdCl2[(+)-binap]
1.5 equiv Cl2PhSiSiMe3




























Recently, the Oestreich group demonstrates a highly enantioselective method to 
prepare β-silylketones.155  As shown in Scheme 4.2.5, Rh-catalyzed conjugate additions 
of borosilane reagents to five- to seven-membered cyclic enones as well as lactones 
afford the desired products in 96:4–98.5:1.5 er but with significantly low isolated yields 
(22–45%). 
Scheme 4.2.5. Rh-catalyzed ECA of PhMe2SiB(pin) to α,β-Unsaturated Cyclic Enones  
O O
SiMe2Ph
5 mol % [((S)-binap)Rh(cod)]ClO4
5 mol % (S)-binap, 1 equiv Et3N
2.5 equiv PhMe2SiBpin




















Subsequently, Oestreich and co-workers reported the same catalytic system could 
be applied to the corresponding acyclic ester substrates affording enantiomerically 
enriched β-silylesters in >99.5:0.5 er but again with low isolated yields (44–66%, 
Scheme 4.2.6).  This catalytic enantioselecitve protocol requires Z olefin geometry of the 
substrates (the E olefin gives the conjugate reduction product as the major product along 
                                                
(155) (a) Walter, C.; Auer, G.; Oestreich, M. Angew. Chem., Int. Ed. 2006, 45, 5675–5677. (b) Walter, C.; 
Oestreich, M. Angew. Chem., Int. Ed. 2008, 47, 3818–3820. (c) Walter, C.; Fröhlich, R.; Oestreich, M. 
Tetrahedron 2009, 65, 5513–5520. 
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with minor desired product, β-silylester, in significantly lower enantioselectivity).  α,β-
Unsaturated esters bearing β-aryl as well as β-alkyl substituents are effective [(a)–(e)], 
but the corresponding thioester and nitrile substrates do not react at all [(f) and (g)]. 








5 mol % [Rh(cod)2]OTf
10 mol % (R)-binap, 1 equiv Et3N
2.5 equiv PhMe2SiBpin












































4.3 NHC–Cu-catalyzed Enantioselective 1,4-Conjugate Silyl 
Additions to Cyclic and Acyclic Unsaturated Carbonyls156 
To initiate our investigations, we envisioned a plausible mechanistic pathway for 
enantioselective conjugate silyl additions to α,β-unsaturated carbonyls.  This mechanism 
is partly based on observations by the Sadighi group who reported that NHC–Cu-tert-
butoxide reacts with bis(pinacolato)diboron [B2(pin)2] to afford an NHC–Cu–B(pin) 
complex (eq 1).  This transformation is likely driven by the efficient formation of the B–
O bond in the byproduct, t-BuO–B(pin). 
                                                
(156) Lee, K.-s.; Hoveyda, A. H. J. Am Chem. Soc. 2010, 132, 2898–2900. 














In our catalytic cycle, shown in Scheme 4.3.1, the first question that arose was 
whether NHC–Cu-alkoxide (I) would react with the sterically more congested  
(dimethylphenylsilyl)pinacolatoboron (4.1)157 and, if so, whether the transmetallation 
would afford the formation of either NHC–Cu–SiMe2Ph (II) or NHC–Cu–B(pin).  We 
surmised that II would be preferably formed over the NHC–Cu–boronate complex 
because the formation of a B–O bond is energetically more favored than the Si–O bond 
formation.158  Furthermore, we concerned with the reactivity and enantioselectivity of the 
generated NHC–Cu–SiMe2Ph (II) toward conjugate addition to deliver III.  We have 
previously observed that NHC–Cu-enolates (e.g., III) efficiently react with B2(pin)2 to 
regenerate II affording boron enolate IV.159  If the same process proceeds with 4.1, the 
catalytic process would not required an alcohol additive (MeOH), which is used to 
facilitate catalytic turnover in phospine-Cu-catalyzed conjugate additions of B2(pin)2: 
>98% conversion was obtained in Cu-catalyzed boronate conjugate additions with MeOH 
as an additive (vs 48% conversion without MeOH, eq 2).160 
                                                
(157) For the procedure to synthesize various silylboranes, see Suginome, M.; Matsuda, T.; Ito, Y. 
Organometallics 2000, 19, 4647–4649.  For examples that PhMe2SiB(pin)2 was employed in catalytic 
enantioselective transformations, see: (b) Suginome, M.; Ohmura, T.; Miyake, Y.; Mitani, S.; Ito, Y.; 
Murakami, M. J. Am Chem. Soc. 2003, 125, 11174–11175. (c) Gerdin, M.; Moberg, C. Adv. Synth. Catal. 
2005, 347, 749–753.  
(158) A value of ~125 kcal/mol is attributed to a B–O bond (vs ~110 kcal/mol for a Si–O bond).  See (a) 
Sanderson, R. T. Chemical Bonds and Bond Energy; Academic Press: New York, 1976; p 128. (b) 
Sanderson, R. T. Polar Covalence; Academic Press: New York, 1983; p 82. 
(159) Lee, K.-s.; Zhugralin, A. R.; Hoveyda, A. H. J. Am Chem. Soc. 2009, 131, 7253–7255. 
(160) Mun, S.; Lee, J.-E.; Yun, J. Org. Lett. 2006, 8, 4887–4889. 
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(vs 48% conv without MeOH)  
To test the feasibility of the catalytic cycle, we began by probing the ability of 
various chiral NHC–Cu complexes in promoting enantioselective conjugate silyl 
additions to cyclohexenone 4.2 to afford enantiomerically enriched β-silylketone 4.3.  As 
illustrated in Table 4.3.1, NHC–Cu complexes, derived from chiral bidentate NHC–Ag 
complexes II and III in combination with 5 mol % CuCl and NaOt-Bu, efficiently 
promote conjugate silyl additions to furnish 4.3 in 91% and 94% yield with 87:13 er and 
89:11 er, respectively (entries 1 and 2).  Enantioselectivity is increased when chiral 
mondentate NHC–Ag X and XI are used; reaction in the presence of the NHC–Cu 
complex derived from C1-symmetric complex X affords higher enantioselectivity of the 
desired product (96:4 er vs 92.5:7.5 er with NHC–Ag XI, entries 3 and 4).  It should be 
noted that in all cases, methanol is not necessary (>98% conv) and none of the products 
derived from boronate conjugate addition is observed.  
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2.5–5.0 mol % NHC–Ag complex
5.0 mol % CuCl, 5.0 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)
thf, –50 °C, 12 h; aq. workup





















a Reactions performed under N2 atmosphere. b Conversion levels were determined by
analysis of 400 MHz 1H NMR spectra of unpurified products. c Yields of purified products. d 
Enantiomeric ratio (er) values were determined by HPLC analysis.
4.34.2
 
In order to optimize the reaction conditions, we screened various solvents.  As 
shown in Table 4.3.2, conjugate silyl additions in polar coordinating (dmf, dmso), non-
coordinating (CH2Cl2), and non-polar solvents (toluene), as well as in ethereal solvents 
proceed efficiently to afford desired product 4.3 in >98% conversion (except in dmso, 
39% conv); ethereal solvents are identified as the optimal solvent, affording 4.3 in similar 
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Table 4.3.2  Optimization of Reaction Condition; Solvent 
O O
SiMe2Ph
5 mol % CuCl
5 mol % NHC–Ag X
5 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
solvent, –50 °C, 12 h; 
aq. workup













a Reaction was performed at 22 °C.
4.34.2
 
Generally, imidazolinium salts are more stable and robust than the derived NHC–
Ag complexes, which are light and moisture sensitive.  Accordingly, we turned our 
efforts towards identifying an optimal catalyst as compared to the aforementioned C1-
symmetric chiral imidazolinium salts (Table 4.3.1).  Tetrahydrofuran was selected as an 
optimal solvent because imidazolinium salts are not soluble well in Et2O.  Further 
optimization of the reaction conditions was performed with chiral imdazolinium salt 1.33, 
the precursor of NHC–Ag X.  As shown in Table 4.3.3, the optimal reaction temperature 
was –78 °C delivering 4.3 in 92:8 er. 
Table 4.3.3  Optimization of Reaction Temperature 














5 mol % CuCl
5 mol % 1.33
11 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, temp., 12 h; aq. workup 4.34.2
 
As depicted in Table 4.3.4, enantioselective conjugate silyl additions proceed to 
completion in the presence of only 0.5 mol % catalyst after 12 h providing 4.3 in 92:8 er.  
However, because the reaction was performed on small scale (0.3 mmol of substrate), one 
mol % catalyst loading was selected to obtain reliable and reproducible results. 
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Table 4.3.4  Optimization of Catalyst Loading 












x mol % CuCl
(1.1)x mol % 1.33
(2.2)x mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, –78 °C, 12 h; aq. workup 4.34.2
 
In the presence of one mol % catalyst at –78 °C, the Cu-catalyzed enantioselective 
conjugate silyl addition was complete in one hour delivering 4.3 with a retained 
enantioselectivity (93:7 er, Table 4.3.5). 
Table 4.3.5  Optimization of Reaction Time 










1 mol % CuCl
1.1 mol % 1.33
2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, –78 °C, time; aq. workup 4.34.2
>98% conv
94:6 er  
Based on the optimized reaction conditions, we examined C1-symmetric chiral 
imidazolinium salts for Cu-catalyzed enantioselective conjugate silyl additions (Scheme 
4.3.2).  First, we altered the substitution pattern of the symmetric aryl (mesityl) unit in 
imidazolinium salt 1.33.  NHC–Cu complexes derived from 1.29 containing no alkyl 
substituents and 1.31 bearing meta-substituents, promote reactions to afford 4.3 in lower 
enantioselectivity (90.5:9.5 er and 87.5:12.5 er, respectively).  Enantioselectivity, 
however, is increased with use of imidazolinium salt 1.32 bearing meta-tert-butyl 
substituents (96:4 er).  Increased sterics at the ortho-position from dimethyl to diethyl 
(1.34) or triisopropyl (1.35) do not improve enantioselectivity (91.5:8.5 er and 87:13 er, 
respectively).  Similarly, removing a phenyl group from the backbone of the heterocycle 
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(4.4), allowing less constrained rotation of diethylphenyl unit, furnishs β-silylketone 4.3 
in decreased enantioselectivity (82:18 er), indicating that any type of steric increase of the 
ortho-substituent results in diminution of enantioselectivity.   






























































1 mol % CuCl
1.1 mol % imidazolinium salt
2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)


































87.5:12.5 er  
Next, we varied the substitution pattern of the dissymmetric biphenyl unit; use of 
imidazolinium salt 1.41 bearing an ortho-methyl substituent substantially decreased 
enantioselectivity of the product (78.5:21.5 er), presumably due to the steric repulsion 
between the ortho-methyl substituent and the substrate (mode B in Figure 4.3.1).  In 
contrast, introduction of a meta-methyl substituent onto the biphenyl unit (1.38), 
significantly improved enantioselectivity affording the desired product 4.3 in 97.5:2.5 er 
and 92% yield.  Increased the steric bulk at the meta-position to an isopropyl (1.39) or t-
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butyl group (1.40), however, resulted in diminution of enantioselectivity (93:7 er and 
91:9 er, respectively).  It is plausible that based on the substrate approach models shown 
in Figure 4.3.1, the presence of a meta-methyl substituent discourages reaction through 
mode B, therefore favoring mode A.  Furthermore, with a bulkier dimethylphenylsilyl 
group on copper (vs NHC–Cu–Ph in Scheme 3.3.3, Chapter 3) and sterically more 
congested 1.39 and 1.40, the increased steric repulsion between the substrate and the 
meta-substituent may cause the lower enantioselectivity by encouraging reaction through 
mode C in Figure 4.3.1.  A similar trend in enantioselectivity was found in reactions with 
the corresponding mesityl variant, affording 4.3 in 87.5:12.5–91:9 er (1.28, 1.36, and 
1.37).  Reaction with the C2-symmetric variant of chiral imidazolinium salt 1.38 
furnished 4.3 in same enantioselectivity (97.5:2.5 er, 1.53).  






























In the presence of 1.1 mol % of the optimal chiral imidazolinium salt 1.38 and 1 
mol % CuCl, cyclic α,β-unsaturated ketones undergo enantioselective conjugate silyl 
additions to afford enantiomerically enriched β-silylketones in 87–95% yield and 90:10–
99:1 er after only one hour at -78 °C (Scheme 4.3.3).  Five- (4.5 and 4.8), six- (4.3 and 
4.9), and seven- (4.6 and 4.10) as well as eight-membered (4.7) cyclic enones are 
effective substrates.  Substrates containing sterically congested electrophilic sites readily 
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react affording the desired products in high yield and enantioselectivity (4.8 and 4.9).  
Additions to α,β-unsaturated lactones are efficient (4.11 and 4.12) but proceed with 
lower enantioselectivity compared to the corresponding enone substrates (e.g., 87:13 er in 
4.12 vs 97.5:2.5 er in 4.3). 








SiMe2Ph1 mol % CuCl, 2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)


















































(2 mol % catalyst, 12 h)  
For the cyclopentenone substrate as well as α,β-unsaturated lactones, we briefly 
screened various chiral imidazolinium salts.  We hypothesized that meta-methyl is not 
sufficiently sizable to make its presence felt by the approaching relatively smaller size of 
substrates.  As shown in Scheme 4.3.4, the NHC–Cu complex derived from 1.39, bearing 
an isopropyl group at the meta-position, delivers a slightly improved enantioselectivity 
(91:9 er).  In the presence of 1.40 containing meta-tert-butyl group, however, 
enantioselectivity is slightly decreased (88:12 er).  This is presumably due to the change 
in dihedral angle of the plane of the dissymmetric biphenyl unit and the heterocycle 
caused by steric repulsion between the bulkier t-butyl group and the phenyl unit on the 
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backbone, which opens up the left rear side in mode A and thus, allows competitive 
reaction through modes A and C. 




















O 1 mol % CuCl1.1 mol % imidazolinium salt
2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, –78 °C, 1 h; aq. workup4.13 4.5
 
A similar trend was also found in reaction with α,β-unsaturated lactone 4.14.  As 
illustrated in Scheme 4.3.5, in the presence of 1.39, enantioselective conjugate silyl 
addition proceeds to afford 4.12 in an improved enantioselectivity (92:8 er vs 87:13 er 
with 1.38), but slightly lower enantioselectivity is obtained with 1.40 (91.5:8.5 er).  The 
corresponding C2-symmetric imidazolinium salt 1.53 promotes less enantioselective 
conjugate addition (89:11 er).  Reactions of 4.14 with various chiral imidazolinium salts 
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O 2 mol % CuCl
2.2 mol % imidazolinium salt
4.4 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)


































































89:11 er  
Next, we turned our attention toward enantioselective conjugate silyl additions to 
α,β-unsaturated acyclic carbonyls.  After optimizations of reaction conditions (1 mol % 
CuCl and 1.1 equiv imidazolinium salt at -78 °C for 1 h), we screened various chiral 
imidazolinium salts for additions to two types of phenylbutenones 4.15 and 4.17 as initial 
substrates.  As depicted in Scheme 4.3.6, the NHC–Cu complex derived from 1.33 
promotes the conjugate addition to afford β-silylketone 4.16 in 92:8 er.  Increasing sterics 
at the ortho-positon to a diethyl (1.34) or triisopropyl group (1.35) result in significant 
diminution in enantioselectivity of 4.16 (90:10 er and 55:45 er, respectively).  The 
reaction with imidazolinium salt 1.32, which affords high enantioselectivity for 
cyclohexenone 4.2, delivers 4.16 in lower enantioselectivity (86.5:13.5 er).  It is 
noteworthy that the optimal imidazolinium salt for α,β-unsaturated acyclic substrates was 
identified as 1.38 even though acyclic enones have a different olefin geometry (trans- vs 
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cis-olefin in cyclic enones) affording the desired product in 95.5:4.5 er.  Increased steric 
bulk at the meta-position to an isopropyl (1.39) or t-butyl group (1.40), however, results 
in diminution of enantioselectivity again (89.5:10.5 er and 84:16 er, respectively).  
Reaction with C2-symmetric variant 1.53 furnishs 4.16 in a similar enantioselectivity 
(94.5:5.5 er) 
Scheme 4.3.6. Screening of Imidazolinium Salts for Unsaturated Acyclic Enones 
1 mol % CuCl
1.1 mol % imidazolinium salt
2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)

























































94.5:5.5 er  
The same trend in enantioselectivity in the reaction of phenylbutenone 4.17 was 
observed; increasing the steric bulk of the ortho-substituent to a diethyl or triisopropyl 
group results in decreased enantioselectivity, compared to mesityl group-containing 1.33 
(94.5:5.5 er vs 94:6 er with 1.34 and 59:41 er with 1.35, Scheme 4.3.7).  Imidazolinium 
salt 1.38 was found to serve as the optimal ligand (98.5:1.5 er) and imidazolinium salts 
1.39 and 1.40, bearing an isopropyl or t-butyl substituent on the biphenyl moiety, result in 
lower enantioselectivities (94.5:5.5 er and 88.5:11.5 er, respectively).  Reaction with the 
C2-symmetric variant 1.53 furnishs 4.18 with a similar enantioselectivity (98:2 er). 
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Scheme 4.3.7. Screening of Imidazolinium Salts for Unsaturated Acyclic Enones 
1 mol % CuCl
1.1 mol % imidazolinium salt
2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)

























































98:2 er  
As summarized in Scheme 4.3.8, NHC–Cu-catalyzed enantioselective conjugate 
silyl additions to various trans acyclic enones proceed with equally high efficiency and 
enantioselectivity as compared to cyclic enones, which have cis olefins.  Substrates 
bearing β-methyl, linear, or branched alkyl substituents undergo reaction to afford the 
desired products 4.20–4.22 in 87–96% yield and 97:3–98:2 er.  Acyclic enones with 
electronically varied β-aryl substituents as well as those with a sterically demanding 
ortho-tolyl substituent are found to be effective substrates (4.18 and 4.23–4.25).  The 
utility of this catalytic protocol can be further extended to phenyl ketone substrates: the 
products 4.16 and 4.26 are isolated in 92% and 93% yield with 95.5:4.5 er and 84.5:15.5 
er, respectively.  The significant decrease in enantioselectivity (especially in 4.26) might 
be caused by increased steric repulsion between the m-methyl substituent of the 
dissymmetric biphenyl unit and the phenyl group of the substrate, allowing reaction 
through mode B to be competitive (Figure 4.3.1) and by rigidity of substrate, which 
contains a fully conjugated olefin system (especially in 4.26).  Reactions with α,β-
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unsaturated esters as well as nitrile-containing olefin, which was inert in Rh-catalyzed 
conjugate silyl addition (Scheme 4.2.6), efficiently furnish the desired products 4.27–4.29 
in 93–96% yield and 90:10–96.5:3.5 er. 










1 mol % CuCl, 2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)

































































96.5:3.5 er  
For some substrates, the current Cu-catalyzed protocol affords the products in 
lower enantioselectivities.  As shown in Scheme 4.3.9, five-membered cyclic β-silyl 
carbonyls (4.11, and 4.30) as well as nitroalkane products (4.34 and 4.35) are not 
selective in conjugate additions, which may necessitate our developing new chiral 
imidazolinium salt such as I (Figure 4.3.2), where the bulkier mesityl unit in the 
dissymmetric aryl unit may sterically discourage the approach of a smaller ring substrate 
through mode C (Figure 4.3.1).  In addition, by the introduction of a bulky mesityl group 
into the biphenyl unit, the dihedral angle of the dissymmetric aryl unit may not change as 
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much due to the steric repulsion between the meta-tert-butyl substituent and the pheny 
group on the backbone. 





























































(with 1.32)  
In the cases of trisubstituted unsaturated carbonyls, the products are obtained in 
lower enantioselectivity (55:45–86:14 er, 4.31, 4.32, and 4.38).  Because the α-methyl 
(4.31), cyclohexyl (4.32), and β-methyl (4.38) groups may point toward Cu-center, use of 
less sterically bulky trimethylsilyl group (instead of dimethylphenylsilyl group) might 
help to increase enantioselectivity.  For products containing bulkier ethyl (4.36) and t-
butyl (4.37) esters, compared to a methyl ester (i.e., 4.28), an imdazolinium salt such as 
II may increase the enantioselectivity as a result of released steric repulsion between the 
para-substituent (R) and the alkylester groups. 

















- 336 - 
NHC–Cu-catalyzed enantioselective conjugate silyl additions give products, 
which, after subsequent transformations, have substantial utility and complement the 
related processes involving boronate conjugate additions,161 which also furnish β-hydroxy 
carbonyls upon oxidation.  The present protocol, however, offers two distinct advantages.  
One example is depicted in Scheme 4.3.10: whereas the boron enolate derived from 
catalytic boronate conjugate addition to only six-membered cyclic enones undergoes 
facile aldol reaction (cyclopentenone and cycloheptenone are unreactive),159,161e the boron 
enolates from conjugate silyl additions to five- to seven-membered cyclic enones readily 
react with benzaldehyde to afford the desired β-silyl-β-hydroxyketones 4.39–4.41.  
Presumably, the neighboring donor C–Si bonds enhance the nucleophilicity of the boron 
enolates through hyperconjugative effects;162 in contrast, the low-lying C–B σ* in the 
related boronate addition products can diminish the nucleophilicity of enolates. 


















1 mol % CuCl, 2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, –78 °C, 1 h;
















95.5:4.5 er  
                                                
(161) For enantioselective boronate conjugate additions, see: (a) Lee, J.-E.; Yun, J. Angew. Chem., Int. Ed. 
2008, 47, 145–147. (b) Lillo, V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; 
Fernández, E. Organometallics, 2009, 28, 659–662. (c) Sim, H.-S.; Feng, X.; Yun, J. Chem. Eur. J. 2009, 
15, 1939–1943. (d) Chea, H.; Sim, H.-S.; Yun, J. Adv. Synth. Catal. 2009, 351, 885–858. (e) Chen, I-H.; 
Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131, 11664–11665.  For NHC-
catalyzed enantioselective boronate conjugate additions, see (f) Bonet, A.; Gulyás, H.; Fernández, E. 
Agenw. Chem., Int. Ed. 2010, 49, 5130–5134. 
(162) Houk, K. N.; Moses, S. R.; Wu, Y-D.; Rondan, N. G.; Jäger, V.; Schohe, R.; Fronczek, F. R. J. Am. 
Chem. Soc. 1984, 106, 3880–3882. 
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In general, β-silylketones can be easily functionalized with aryl- or alkyllithiums 
to afford the corresponding addition products, often with high diastereoselectivity, 
whereas the corresponding β-boronate ketones are sensitive to common organometallic 
reagents.  The example in Scheme 4.3.11 is illustrative.  Addition of PhLi to 4.8 afforded 
β-silylalcohol 4.42 (85% yield and >98:2 dr) 163  and, upon further oxidation, 164 
enantiomerically enriched syn-1,3-diol (4.43) was isolated in 84% yield and 98:2 er.  The 
same product can be prepared from the boronate product after oxidation of the 
pinacolatoboron moiety, followed by a protection–PhLi addition–deprotection sequence 
(to avoid retro-aldol reaction upon treatment with arylmetal) in a total of four steps (vs 2 
steps with β-silylketones). 





















22 °C, 3 h
4.8
99:1 er  
The utility of Cu-catalyzed enantioselective conjugate silyl additions is 
demonstrated through natural product synthesis.  As illustrated in Scheme 4.3.12, the key 
intermediate 4.46 in a total synthesis of (+)-erysotramidine was prepared by a one-pot 
procedure (conjugate addition followed by α-alkylation) in 92% yield as a single 
diastereomer and in 97.5:2.5 er.  In the original route, 4.46 was synthesized as the 
                                                
(163) Addition of PhLi to β-boronate ketones resulted in unidentifiable products.  For other examples, see 
Fernández, E.; Maeda, K.; Hooper, M. W.; Brown, J. M. Chem. Eur. J. 2000, 6, 1840–1846. 
(164) Fleming, I.; Sanderson, P. E. J. Tetrahedron Lett. 1987, 28, 4229–4232. 
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racemate and the enantiomers were separated by HPLC.165  The stability of the silyl group 
toward n-BuLi allows for conversion of the boron enolate to its more nucleophilic Li-
based enolate.  












1 mol % CuCl, 2.2 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin)
thf, –78 °C, 1 h;
2.0 equiv n-BuLi, –78 °C, 30 min; 





















4.4 NHC–Cu-catalyzed Enantioselective 1,6-Conjugate Additions 
of Borosilane reagents to α ,β ,γ ,δ-Unsaturated Cyclic and 
Acyclic Dienones and Dienoates: An Efficient Method for the 
Synthesis of Enantiomerically Enriched Allylsilanes166 
Organosilicon compounds are an important due to their broad utility in organic 
synthesis.167  A great deal of effort has been devoted to the development of the synthesis 
                                                
(165) Tietze, L. F.; Tölle, N.; Kratzert, D.; Stalke, D. Org. Lett. 2009, 11, 5230–5233. 
(166) Lee, K.-s.; Wu, H.; Hoveyda, A. H. Manuscript in preparation. 
(167) For reviews regarding the utility of organosilicon compounds including allylsilanes, see: (a) Chan, T. 
H.; Wang, D. Chem. Rev. 1992, 92, 995–1006. (b) Masse, C. E.; Panek, J. S. Chem. Rev. 1995, 95, 1293–
1316. (c) Jones, G. R.; Landais, Y. Tetrahedron 1996, 52, 7599–7662. (d) Fleming, I.; Barbero, A.; Walter, 
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of enantiomerically enriched allylsilanes168 through a number of methods: cross coupling 
reactions,169 hydrosilylations170, allylic substitutions,171 reduction of silyl-substituted allyl 
carbonates,172 silaboration of allenes,173 ring-closing metathesis (RCM),174 and tandem 
allylation-RCM processes. 175   Although a number of methods for catalytic 
enantioselective synthesis of allylsilanes have been developed, most protocols afforded 
products in low to moderate enantioselectivities (<95:5 er) except only four recent 
reports.171b,173,174,175  Another method to synthesize enantiomerically enriched allylsilanes 
could be through 1,6-conjugate silyl additions to α,β,γ,δ-unsaturated carbonyls; however, 
this route had yet to be reported.  Thus, we envisioned a synthetic pathway of allylsilanes 
                                                
D. Chem. Rev. 1997, 97, 2063–2192 and references therein. (e) Barbero, A.; Pulido, F. J. Acc. Chem. Res. 
2004, 37, 817–825. 
( 168 ) For diastereoselective methods for synthesis of allylsilanes by addition of silyl-substituted 
allyboronates to aldehydes, see: (a) Roush, W. R.; Pinchuk, A. N.; Micalizio, G. C. Tetrahedron Lett. 2000, 
41, 9413–9417. For diastereoselective methods for synthesis of allylsilanes by allylic substitutions, see: (b) 
Schmidtmann, E. S.; Oestrich, M. Chem. Commun., 2006, 3643–3645. For the diastereoselective methods 
for synthesis of allylsilanes by cross coupling, see: (c) Li, D.; Tanaka, T.; Ohmiya, H.; Sawamura, M. Org. 
Lett. 2010, 12, 3344–3347.   
(169) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by cross 
coupling, see: (a) Hayashi, T.; Konishi, M.; Ito, H.; Kumada, M. J. Am. Chem. Soc. 1982, 104, 4962–4963. 
(b) Hayashi, T.; Konishi, M.; Okamoto, Y.; Kabeta, K.; Kumada, M. J. Org. Chem. 1986, 51, 3772–3781.  
( 170 ) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by 
hydrosilylation, see: (a) Hayashi, T.; Kabeta, K.; Yamamoto, T.; Tamao, K.; Kumada, M. Tetrahedron Lett. 
1983, 24, 5661–5664. (b) Hayashi, T.; Han, J. W.; Takeda, A.; Tang, J.; Nohmi, K.; Mukaide, K.; Tsuji, H.; 
Uozumi, Y. Adv. Synth. Catal. 2001, 343, 279–283. 
(171) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by allylic 
substitution, see: (a) Hayashi, T.; Ohno, A.; Lu, S.-j.; Matsumoto, Y.; Fukuyo, E.; Yanagi, K. J. Am. Chem. 
Soc. 1994, 116, 4221–4226. (b) Kacprzynski, M. A.; May, T. L.; Kazane, S. A.; Hoveyda, A. H. Angew. 
Chem. Int., Ed. 2007, 46, 4554–4558. 
(172) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by reduction of 
silyl-substituted allyl carbonates, see: Hayashi, T.; Iwamura, H.; Uozumi, Y. Tetrahedron Lett. 1994, 35, 
4813–4816.  
(173) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by silaboration 
of allenes, see: Ohmura, T.; Taniguchi, H.; Suginome, M. J. Am. Chem. Soc. 2006, 128, 13682–13683.  
(174) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by RCM, see: 
Kiely, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 2868–2869. 
(175) For enantioselective methods for synthesis of enantiomerically enriched allylsilanes by tandem 
allylation-RCM process, see Adam, J.-M.; de Fays, L.; Laguerre, M.; Ghosez, L. Tetrahedron 2004, 60, 
7325–7344.  
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through the catalytic enantioselective 1,6-conjugate additions of silicon reagents (non-
carbon based nucleophiles).176    
Based on previous results using NHC–Cu complexes for enantioselective 1,4-
conjugate silyl additions (Chapter 4.3), we tested the feasibility of the corresponding 1,6-
conjugate additions with the same catalytic systems.  As depicted in Scheme 4.4.1, our 
investigations were initiated from our previous observations of the efficient formation of 
an NHC–Cu–Si complex (II) (vs NHC–Cu–B complex) from an NHC–Cu-alkoxide (I) 
and PhMe2Si–B(pin) (4.1).  Reaction of the resulting NHC–Cu–Si complex (II) with an 
α,β,γ,δ-unsaturated carbonyl may proceed in either a 1,4-addition pathway to generate 
Cu-enolate (III), containing a Si-substituted quaternary stereogenic center, or a 1,6-
addition route to afford Cu-enolate IV with a mixture of olefin isomers; the control of 
E:Z selectivity would be an additional challenge.177  The resulting Cu-enolates would 
readily react with the borosilane (4.1) to regenerate NHC–Cu–SiMe2Ph (II) and deliver 
boron-enolate V without MeOH, which was necessary for efficient catalytic turnover in 
NHC–Cu-catalyzed enantioselective boron conjugate additions. 178  The synthetically 
versatile and enantiomerically enriched allylsilanes would be isolated upon protonation of 
enolate V. 
 
                                                
(176) For enantioselective 1,6-conjugate additions of carbon-based nucleophiles, see: (a) Hayashi, T.; 
Yamamoto, S.; Tokunaga, N. Angew. Chem., Int. Ed. 2005, 44, 4224–4227. (b) Fillion, E.; Wilsily, A.; 
Liao, E. Tetrahedron Asymmetry 2006, 17, 2957–2959. (c) den Hartog, T.; Harutyunyan, S. R.; Font, D.; 
Minnaard, A. J.; Feringa, B. L. Angew. Chem., Int. Ed. 2008, 47, 398–401. (d) Hénon, H.; Mauduit, M.; 
Alexakis, A. Angew. Chem., Int. Ed. 2008, 47, 9122–9124. (e) Nishimura, T.; Yasuhara, Y.; Sawano, T.; 
Hayashi, T. J. Am. Chem. Soc. 2010, 132, 7872–7873. 
(177) Generally E:Z selectivities of 1,6-conjugate additions of carbon-based nucleophiles are <5:1.  For the 
detail about E:Z selectivity, see ref (176). 
(178) O’Brien, J. M.; Lee, K.-s.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 10630–10632. 
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To test our proposed catalytic cycle, we began by examining the 1,6-conjugate 
addition of PhMe2Si–B(pin) (4.1) to cyclic dienone 4.48 as the initial substrate in 
presence of chiral mono- and bidentate NHC–Cu complexes to afford chiral allylsilane 
4.49.  As the data in Table 4.4.1 indicate, the reaction with chiral bidentate NHCs derived 
from 2.19 and 4.47 afford 1,6-addition product 4.49 exclusively in 87:13 and 89:11 er, 
respectively, with 12.5:1 and 1.4:1 ratio of Z:E selectivities (entries 1 and 2).  The Z:E 
selectivity as well as enantioselectivity is improved with the use of the corresponding 
monodentate 1.33 (20:1=Z:E and 91:9 er in entry 3).  Further improvement in Z:E 
selectivitiy and enantioselectivity is observed in the reaction with the C2-symmetric 
monodentate variant (1.51) delivering 4.49 in >25:1 Z:E ratio and 96:4 er (entry 4).  
Further variation on m-substitution of imidazolinium salt 1.51 (i.e., 1.53 and 1.54), 
however, significantly decreases Z:E selectivitiy (10:1 and 6.5:1 Z:E ratio, respectively) 
and enantioselectivity (79:21 er) (entries 5 and 6). 
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5.5 mol % chiral imidazolinium salt
5.0 mol % CuCl, 11 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)
thf, –78 °C, 12 h; aq. workup




















































aUnder N2 atm. bDetermined by analysis of 400 MHz 1H NMR spectra of unpurified mixtures. 
cBy HPLC analysis; see the Experimentals (Chapter 4.5) for details.  
In order to optimize Z:E selectivity and enantioselectivity, we investigated C1-
symmetric chiral monodentate NHC–Cu complexes.  As illustrated in Scheme 4.4.2, 
increased steric bulk of the ortho-substituent of the mesityl unit in 1.33 to a diethyl (1.34) 
or triisopropyl (1.35) group does not improve enantioselectivity (92:8 er and 90:10 er), 
but decreased Z:E selectivitiy is observed (17:1 and 10:1 Z:E, respectively).  Introduction 
of m-alkyl as well as o-methyl substituents to the dissymmetric aryl unit (1.28, 1.36, 1.37, 
and 1.41) also results in significant diminution in both Z:E selectivitiy and 
enantioselectivity, affording allylsilane 4.49 in 2.5:1–10:1 of Z:E and 70:30–83:17 er.  
Reaction in the presence of chiral imidazolinium salt 1.38, which was the optimal ligand 
for enantioselective 1,4-conjugate silyl additions, improves enantioselectivity (94.5:5.5 er 
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for Z and 54:46 er for E isomer) but with significantly decreased Z:E ratio (2:1).  The 
corresponding imidazolinium salts bearing m-isopropyl (1.39) or m-t-butyl (1.40) groups 
deliver the desired products in lower enantioselectivity (82.5:17.5 er and 73:27 er, 
respectively).  























































5 mol % CuCl
5.5 mol % imidazolinium salt
11 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)






















Further optimization of the reaction conditions revealed that cyclic dienones 
undergo enantioselective 1,6-conjugate silyl addition in presence of 2 mol % CuCl and 
2.2 mol % of C2-symmetric chiral imidazolinium salt 1.51.  Reactions proceed to >98% 
conversion after 2 h at –78 °C, furnishing allylsilanes (no 1,4-conjugate addition products 
observed) in 85–98% yield and 94.7:5.3–98:2 er with high Z:E selectivity.  Five- to 
seven-membered cyclic enones are effective substrates affording 4.49–4.51.  Sterically 
congested allylsilane (4.52) is isolated in 95% yield and 96:4 er with 1:>25 Z:E 
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selectivity, indicating that 1,6-conjugate additions proceed through the s-cis conformation 
of dienes.  Substrates containing an electron donating or withdrawing group as well as a 
methyl group at the p-position on the aryl unit are equally efficient, affording the 
corresponding allylsilanes (4.53–4.55) in high stereo- and enantioselectivities (>25:1 Z:E 
selectivity and 94.5:5.5–97.2:2.8 er).  The addition to an alkyl substituted dienone is 
efficient as well, delivering the corresponding product 4.56 in 20:1 Z:E selectivity and 
97.6:2.4 er; the enantioselectivity of the E isomer is slightly lower (91.2:8.8 er). 
Scheme 4.4.3. NHC–Cu-Catalyzed Enantioselective 1,6-Conjugate Silyl Additions 
2 mol % CuCl
4.4 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)
thf, –78 °C, 2 h; aq. NaHCO3
4.49
Z:E=20:1















85% yield, 94.7:5.3 er



























92% yield, 97.6:2.4 er












Next, we focused our attention on enantioselective conjugate silyl additions to 
acyclic dienones.  In the presence of imidazolinium salt 1.51, the reaction with acyclic 
dienone 4.57 affords exclusively 1,4-conjugate addition product 4.58 in 94% yield and 
95:5 er.  The optimal ligand for enantioselective conjugate addition to acyclic dienone 
4.57 was identified as imidazolinium salt 1.53 after a brief screening, and furnishes 
allylsilane 4.58 in 96% yield and 98.7:1.3 er.  Enantioselective conjugate additions to δ-
methyl dienone and δ,δ-di-substituted dienone afford the corresponding allylsilanes 4.59 
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and 4.60 in 95% and 91% yield with 97.9:2.1 er and 97.4:2.6 er, respectively.  Ester and 
thioester substrates are also effective, delivering allylsilanes 4.61 and 4.62 in 85% and 
98% yield with 96.3:3.7 er and >99:1 er, respectively.  The optimal imidazolinium salt 
1.38, which is the best ligand for enantioselective 1,4-conjugate silylations to various 
α,β-unsaturated cyclic and acyclic enones (Chapter 4.3), is efficient and selective as well 
[4.58 (91% yield and 96.1:3.9 er), 4.59 (84% yield and 95:5 er), and 4.61 (86% yield and 
95:5 er)]. 
Scheme 4.4.4. NHC–Cu-Catalyzed Enantioselective 1,4-Conjugate Silyl Additions to 








98% yield, >99:1 er





2 mol % CuCl
4.4 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (1)
thf, –78 °C, 2 h; aq. NaHCO3
4.59c











96% yield, 98.7:1.3 er
(5 mol % catalyst)
4.60
91% yield, 97.4:2.6 er
4.61c




aUnder N2 atm. b94% yield and 95:5 er with imidazolinium salt 1.51. c91% yield and 96.1:3.9 er for 4.58, 84% yield 
and 95:5 er for 4.59, and 86% yield and 95:5 er for 4.61 in presence of 5 mol % CuCl, 5.5 mol % imidazolinium salt 
1.38, and 11 mol % NaOt-Bu.  
To test the feasibility of 1,6-conjugate silyl addition to acyclic dienones, we 
introduced β-methyl substitution on the dienone substrate (4.64).  As shown in Scheme 
4.4.5, NHC–Cu complexes derived from imidazolinium salt 1.33 and 1.34 promote the 
reactions to afford 1,6-addition product 4.65 exclusively in 92:8 er and 20:1 of Z:E 
selectivity.  Use of imidazolinium salt 1.35, containing a triisopropylphenyl group on the 
symmetric aryl unit affords lower enantioselectivity (82:18 er).  Variation of the 
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dissymmetric aryl unit with an o- and m-methyl substituent (1.41, 1.28, and 1.38) as well 
as a m-isopropyl group (1.39) does not improve enantiopurity of allylsilane 4.65 (63:37–
91:9 er).  Modification of the o-phenyl group in the dissymmetric aryl unit of 1.33 to 
mesityl (1.47) or cyclohexyl (1.43) as well as the corresponding modification of 1.34  
(1.44) does not help to increase enantioselectivity, affording 4.65 in 85:15–93:7 er.  
Reaction involving the C2-symmetric NHC–Cu complex, derived from imidazolinium 
salt 1.51, however, affords 1,6-addition product 4.65 in >98% conversion and 95:5 er 
with 10:1 of Z:E selectivity.  Enantioselective 1,6-addition in the presence of ligand 1.53, 
which is the optimal ligand for unsubstituted acyclic dienones, however, delivers 
substantially decreased Z:E selectivity (4:1) as well as enantioselectivity (83:17 er).  In 
contrast, the NHC–Cu complex derived from 1.52 promotes 1,6-silyl addition affording 
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Scheme 4.4.5. Examinations of Various Chiral Imidazolinium Salts for Enantoselective 
1,6-Conjugate Silyl Additions to β-Substituted α,β,γ,δ-Unsaturated Acyclic Ketone 
Me Ph
O
5 mol % CuCl
5.5 mol % imidazolinium salt
11 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)



















































































































With optimized reaction conditions (2.75 mol % 1.52, 2.5 mol % CuCl and 5.5 
mol % NaOt-Bu at –78 °C for 12 h), we examined the substrate scope.  As the data in 
Scheme 4.4.6 illustrate, enantioselective 1,6-conjugate silyl additions to substrates 
bearing p-OMe and p-CF3 substituents on the aryl group proceed to afford the desired 
products 4.66 (81% yield and 98.5:1.5 er with 20:1 Z:E selectivity) and 4.67 (80% yield 
and >99:1 er with 10:1 Z:E selectivity).  Reactions with dienones containing linear (n-Pr) 
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and branched (cyclohexyl) alkyl substituents result in slight diminution in Z:E selectivity 
(8:1) but high enantioselectivity (>99:1 er for 4.68 and 4.69).  β-Methylester-containing 
allylsilane (4.70) was isolated in 73% yield with >99:1 er and >25:1 of Z:E selectivity 
(Scheme 4.4.6).  Reaction with thioester-containing dienonoate proceeds slowly requiring 
10 mol % catalyst for 48 h at –50 °C to afford allylsilane 4.71 in 69% yield and >99:1 er 
with >20:1 Z:E selectivity. 
Scheme 4.4.6. NHC–Cu-Catalyzed Enantioselective1,6-Conjugate Silyl Additions to β-
Substituted α,β,γ,δ-Unsaturated Acyclic Carbonyls 
nOe
2.5 mol % CuCl
5.5 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)

















































69% yield, >99:1 er
(10 mol % catalyst)





Enantioselective 1,6-conjugate additions to substrates bearing (Z,E)-isomers were 
also tested with the present catalytic system.  As depicted in Scheme 4.4.7, (Z,E)-dienoate 
4.72a proceeds to afford the corresponding allylsilane 4.73 to substantial diminution in 
reactivity and enantioselectivity (48% conv and 85:15 er), but with high stereoselectivity 
(>25:1 of Z:E).  Allylsilane 4.74 is also obtained from the reaction to corresponding 
dienonate 4.72b in 20% yield in 89:19 er with significantly decreased Z:E selectivity 
(2.5:1).  This result indicates that the reaction might proceed through the s-trans 
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conformation of the diene by the inhibition of the formation of the s-cis olefin by the 
neighboring ester moiety.  Another possible explanation accounting for low conversions 
could be slow formation of s-cis conformer due to the steric repulsion. 








41% yield, Z=86:14 er
4.72a (R = i-Pr)
4.72b (R = Me)
2.5 mol % CuCl
5.5 mol % NaOt-Bu
1.1 equiv PhMe2SiB(pin) (4.1)












20% yield, Z=89:19 er  
Synthetically versatile allylsilanes have been employed in various organic 
transformations; one example of the utility of enantiomerically enriched allylsilanes is 
shown in eq 1.  Upon the diastereoselective oxidation of allylsilane 4.49, β-silyloxy 
ketone 4.72, which is a difficult compound to prepare through an enantioselective keto-
aldol reaction or the conjugate addition of an alkoxy nucleophile, is isolated in 81% yield 
and 94.5:5.5 er.  
Cl CO3H1.2 equiv













We have investigated Cu-catalyzed enantioselective 1,4- and 1,6-conjugate silyl 
additions to α,β- and α,β,γ,δ-unsaturated carbonyls.  Reactions afford enantiomerically 
enriched β-silylcarbonyls as well as allylsilanes in 72–97% yield and up to >99:1 er (with 
up to >25:1 Z:E selectivity) in the presence of 1–5 mol % of an inexpensive 
commercially available Cu salt and easily accessible monodentate chiral imidazolinium 
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salts (3–4 steps from commercially available diphenylethylendiamine in ~50% yield).  
The current methods furnish the synthetically versatile β-silyl carbonyl compounds and 
carbonyl-containing chiral allylsilanes, which can be further utilized with electrophiles in 
various organic transformations and employed in natural product synthesis. 
4.5 Experimentals  
General.  Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, νmax in cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 
MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm).  
Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility at Boston College.  Enantiomer 
ratios were determined by HPLC analysis (Chiral Technologies Chiralpak AD–H, 4.6 x 
250 mm, Chiral Technologies Chiralpak AS–H, 4.6 x 250 mm, Chiral Technologies 
Chiralcel OD–H, 4.6 x 250 mm, Chiral Technologies Chiralcel OJ–H, 4.6 x 250 mm, and 
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Chiral Technologies Chiralcel OD–R, 4.6 x 250 mm), and GLC analysis (Alltech 
Associated Betadex 120 column, 30 m x 0.25 mm; Alltech Associated CDB-DM 120 
column, 30 m x 0.25 mm), in comparison with authentic racemic materials.  Unless 
otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 °C) and flame-dried glassware with standard dry 
box or vacuum-line techniques.  Solvents were purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: toluene and benzene 
were purified through a copper oxide and alumina column; CH2Cl2 and Et2O were purged 
with argon and purified by passage through two alumina columns.  Tetrahydrofuran (thf) 
was purified by distillation from sodium benzophenone ketyl immediately prior to use.  
All work-up and purification procedures were carried out in air with reagent grade of 
solvents, which were purchased from Doe and Ingalls.  For all chiral imidazolinium salts 
and NHC–Ag complexes, see Chapter 1. 
Reagents and Catalysts: 
All cyclic and acyclic α ,β-unsaturated substrates were purchased from Aldrich and 
distilled or recrystaillized prior to use. 
All dienones and dienonates were prepared by a previously reported procedure.179  
Acetic acid was purchased from Aldrich and used as received. 
Benzaldehyde was purchased from Aldrich and used as received. 
2-Bromomethylacetate was purchased from Aldrich and distilled prior to use. 
                                                
(179) (a) Hayashi, T.; Yamamoto, S.; Tokunaga, N. Angew. Chem., Int. Ed. 2005, 44, 4224–4227. (b) 
Henon, H.; Mauduit, M.; Alexakis, A. Angew. Chem., Int. Ed. 2008, 47, 9122–9124. 
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m-Chloroperbenzoic acid were purchased from Aldrich and recrystallized prior to use. 
Copper (I) chloride was purchased from Strem Inc. and used as received. 
2-Cyclooctenone was prepared by a previously reported procedure.180 
(Dimethylphenylsilyl)pinacolatoboron was purchased from Aldrich and used as 
received. 
Mercury acetate was purchased from Aldrich and used as received. 
Peracetic acid was purchased from Aldrich and used as received. 
Phenyllithium was purchased from Strem Inc. and used as received. 
Sodium tert-butoxide (98%) was purchased from Strem Inc. and used as received. 
 
 Experimental  
 Representative experimental procedure for Cu-catalyzed 1,4-conjugate silyl 
additions: Preparation of the desired NHC–CuOt-Bu: In an oven-dried vial (6 x 1 cm) 
equipped with a stir bar, imidazolinium tetrafluoroborate salt 1.38 (22 mg, 0.036 mmol), 
NaOt-Bu (6.9 mg, 0.072 mmol), and CuCl (3.3 mg, 0.033 mmol) were placed and 5.0 mL 
of thf was added.  After the solution was allowed to stir for two hours at 22 °C under a 
dry N2 atmosphere, it was filtered through a short plug of flame-dried Celite. 
An appropriate portion of the solution of NHC–CuOt-Bu (0.0033 mmol in 0.50 
mL thf) was placed in a separate oven-dried vial (6 x 1 cm), and the resulting solution 
was charged with PhMe2SiB(pin) (4.1) [96 mg (0.36 mmol) in 0.50 mL thf].  The vessel 
was then removed from the glovebox, placed in a fume hood and cooled to –78 °C.  2-
                                                
(180) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011–1013. 
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Cyclohexenone 4.2 (32 mg, 0.33 mmol) was added and the mixture was allowed to stir 
for one hour at –78 °C, after which the reaction was quenched by the addition of H2O (3 
mL) and the mixture was allowed to warm to 22 °C and stir for an additional 15 minutes.  
The layers were separated, and the aqueous layer was washed with Et2O (10 mL x 3). The 
combined organic layers were dried over MgSO4 and filtered. The volatiles were 
removed in vacuo and the resulting light yellow oil was purified by silica gel 
chromatography (5/1 hexanes:Et2O) to afford 71 mg (0.31 mmol, 92% yield) of (S)-3-
(dimethyl(phenyl)silyl)-cyclohexanone 4.3, as a colorless oil.  1H NMR (400 MHz, 
CDCl3): δ 7.50-7.45 (2H, m), 7.41-7.34 (3H, m), 2.40-2.21 (3H, m), 2.21-2.06 (2H, m), 
1.85-1.78 (1H, m), 1.77-1.64 (1H, m), 1.42 (1H, ddd, J = 25.6, 12.8, 3.6 Hz), 1.33-1.25 
(1H, m), 0.31 (3H, s), 0.31(3H, s). Optical rotation:181 [α]D20 –75.6 (c 1.00, CHCl3) for a 
sample with 97.4:2.6 er. The spectroscopic data match those reported previously.182 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (97.4:2.6 er shown below; chiracel AS column (25 cm x 0.46 cm), 
99.7/0.3 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
                                                
(181) Walter, C.; Auer, G.; Oestreich, M. Angew. Chem., Int. Ed. 2006, 45, 5675–5677. 
(182) Ito, H.; Ishizuka, T.; Tateiwa, J.-i.; Sonoda, M.; Hosomi, A. J. Am. Chem. Soc. 1998, 120, 11196–
11197. 
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(S)-3-(Dimethyl(phenyl)silyl)cyclopentanone (4.5). 1H NMR (400 MHz, CDCl3): δ 
7.51-7.47 (2H, m), 7.40-7.33 (3H, m), 2.29-2.17 (2H, m), 2.14-2.04 (2H, m), 1.92-1.84 
(1H, m), 1.73-1.61 (1H, m), 1.58-1.48 (1H, m), 0.31 (6H, s). Optical rotation:2 [α]D20 –
42.9 (c 2.06, CHCl3) for a sample with 90:10 er. The spectroscopic data match those 
reported previously.3 Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (90:10 er shown below; chiralpak AD-H 
column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 1.0 mL/min, 220 nm).  
 
(S)-3-(Dimethyl(phenyl)silyl)cycloheptanone (4.6). IR (neat): 2921 (m), 2849 (w), 1696 
(s), 1443 (m), 1248 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.49-7.46 (2H, m), 7.38-7.32 
(3H, m), 2.59-2.26 (4H, m), 2.08-1.85 (3H, m), 1.54-1.42 (1H, m), 1.33-1.03 (3H, m), 
0.29 (3H, s), 0.28 (3H, s); 13C NMR (100 MHz, CDCl3): δ 216.0, 137.7, 134.6, 129.9, 
128.5, 45.2, 44.1, 32.5, 31.8, 25.0, 24.0, –4.3, –4.5; HRMS (ES+) Calcd for C15H22SiONa 
[M+Na]: 269.1338, Found: 269.1329. Optical rotation:2 [α]D20 –75.0 (c 1.00, CHCl3) for a 
sample with 97:3 er. Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (97:3 er shown below; chiracel AS column 
(25 cm x 0.46 cm), 99.7/0.3 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
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3-(Dimethyl(phenyl)silyl)cyclooctanone (4.7). IR (neat): 2927 (m), 2857 (w), 1697 (s), 
1408 (m), 1248 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.52-7.48 (2H, m), 7.40-7.33 
(3H, m), 2.57-2.50 (1H, m), 2.34-2.18 (3H, m), 1.88-1.76 (2H, m), 1.70-1.53 (3H, m), 
1,48-1.19 (4H, m), 0.31 (3H, s), 0.31 (3H, s); 13C NMR (100 MHz, CDCl3): δ 219.6, 
137.5, 134.1, 129.4, 128.1, 43.2, 41.7, 28.3, 27.1, 26.5, 26.2, 24.1, –4.6, –4.8; HRMS 
(ES+) Calcd for C16H24SiONa [M+Na]: 283.1494, Found: 283.1495. Optical rotation: 
[α]D20 +25.4 (c 1.45, CHCl3) for a sample with 98:2 er. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (98:2 er 
shown below; chiracel AS column (25 cm x 0.46 cm), 99.7/0.3 hexanes/i-PrOH, 1.0 
mL/min, 220 nm). 
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(R)-4-(Dimethyl(phenyl)silyl)-3,3-dimethylcyclopentanone (4.8). IR (neat): 2954 (m), 
1738 (s), 1427 (m), 1402 (m), 1250 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.54-7.50 
(2H, m), 7.38-7.33 (3H, m), 2.38-2.23 (2H, m), 2.63 (2H, dd, J = 29.6, 17.6 Hz), 1.51 
(1H, dd, J = 12.8, 9.2 Hz), 1.10 (3H, s), 1.00 (3H, s), 0.42 (3H, s), 0.38 (3H, s); 13C NMR 
(100 MHz, CDCl3): δ 220.6, 139.1, 134.4, 129.8, 128.6, 57.3, 40.7, 40.6, 36.8, 30.8, 26.3, 
–1.6, –2.2; HRMS (ES+) Calcd for C15H22SiONa [M+Na]: 269.1338, Found: 269.1335. 
Optical rotation: [α]D20 –118.6 (c 1.05, CHCl3) for a sample with 99:1 er. Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material 
(99:1 er shown below; chiracel OD column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 
1.0 mL/min, 220 nm). 
 
(R)-3-(Dimethyl(phenyl)silyl)-4,4-dimethylcyclohexanone (4.9). 1H NMR (400 MHz, 
CDCl3): δ 7.51-7.46 (2H, m), 7.36-7.33 (3H, m), 2.45-2.19 (4H, m), 1.73-1.61 (2H, m), 
1.37 (1H, dd, J = 14.0, 3.6 Hz), 1.10 (3H, s), 0.98 (3H, s), 0.39 (3H, s), 0.36 (3H, s). 
Optical rotation: [α]D20 –71.7 (c 1.30, CHCl3) for a sample with 99:1 er. The 
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spectroscopic data match those reported previously. 183  Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (99:1 er 




IR (neat): 2951 (m), 1672 (s), 1598 (m), 1427 (m), 1250 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.76 (1H, dd, J = 6.0, 1.2 Hz), 7.53-7.50 (2H, m), 7.45 (1H, td, J = 6.0, 1.2 Hz), 
7.43-7.32 (4H, m), 7.18 (1H, d, J = 6.0 Hz), 2.97-2.91 (1H, m), 2.89-2.73 (2H, m), 2.54 
(1H, dd, J = 13.6, 10.4 Hz), 1.90-1.78 (2H, m), 1.30-1.23 (1H, m), 0.35 (3H, s), 0.34 (3H, 
s); 13C NMR (100 MHz, CDCl3): δ 207.3, 140.9, 138.7, 137.1, 134.2, 132.6, 129.7, 129.5, 
128.9, 128.1, 127.0, 41.9, 33.3, 27.1, 18.9, –4.7, –4.8; HRMS (ES+) Calcd for 
C19H26SiNO [M+NH4]: 312.1784, Found: 312.1770. Optical rotation: [α]D20 +2.80 (c 1.00, 
CHCl3) for a sample with 96.5:3.5 er. Enantiomeric purity was determined by HPLC 
analysis in comparison with authentic racemic material (96.5:3.5 er shown below; 
chiralpak AD-H column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 0.9 mL/min, 220 nm). 
                                                
(183) Auer, G.; Weiner, B.; Oestreich, M. Synthesis 2006, 2113–2116. 
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(S)-4-(Dimethyl(phenyl)silyl)tetrahydro-2H-pyran-2-one (4.12). 1H NMR (400 MHz, 
CDCl3): δ 7.49-7.46 (2H, m), 7.43-7.35 (3H, m), 4.34 (1H, dt, J = 10.8, 4.8 Hz), 4.25 (1H, 
ddd, J = 10.8, 10.0, 4.0 Hz), 2.57 (1H, ddd, J = 17.2, 6.0, 1.6 Hz), 2.28 (1H, dd, J = 17.6, 
13.2 Hz), 1.88-1.81 (1H, m), 1.70-1.60 (1H, m), 1.44-1.36 (1H, m), 0.34 (6H, s). Optical 
rotation: [α]D20 –29.6 (c 1.50, CHCl3) for a sample with 92:8 er. The spectroscopic data 
match those reported previously. 184  Enantiomeric purity was determined by HPLC 
analysis in comparison with authentic racemic material (92:8 er shown below; chiralpak 
AD-H column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 0.9 mL/min, 220 nm). 
 
                                                
(184) Crump, R. A. N. C.; Fleming, I.; Urch, C. J. J. Chem. Soc., Perkin Trans. 1 1994, 701–706. 
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(S)-3-(Dimethyl(phenyl)silyl)-1-phenylbutan-1-one (4.16). 1H NMR (400 MHz, 
CDCl3): δ 7.84-7.81 (2H, m), 7.55-7.49 (3H, m), 7.42-7.35 (5H, m), 3.00 (1H, dd, J = 
16.0, 3.2 Hz), 2.66 (1H, dd, J = 16.0, 11.2 Hz), 1.66-1.57 (1H, m), 0.98 (3H, d, J = 7.2 
Hz), 0.34 (3H, s), 0.33 (3H, s); 13C NMR (100 MHz, CDCl3): δ 200.5, 137.6, 137.1, 134.0, 
132.7, 129.1, 128.5, 128.1, 127.8, 40.7, 15.9, 14.6, –4.7, –5.4. Optical rotation: [α]D20 
+12.4 (c 1.10, CHCl3) for a sample with 95.5:4.5 er. The spectroscopic data match those 
reported previously185 and the absolute configuration was assigned by comparison with 
reported data. 186 Enantiomeric purity was determined by HPLC analysis in comparison 
with authentic racemic material (95.5:4.5 er shown below; chiracel OD column (25 cm x 
0.46 cm), 99.9/0.1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
 (R)-4-(Dimethyl(phenyl)silyl)-4-phenylbutan-2-one (4.18). 1H NMR (400 MHz, 
CDCl3): δ 7.39-7.30 (5H, m), 7.19-7.15 (2H, m), 7.09-7.04 (1H, m), 6.93-6.91 (2H, m), 
2.93-2.83 (2H, m), 2.62 (1H, dd, J = 22.8, 11.2 Hz), 1.92 (3H, s), 0.23 (3H, s), 0.20 (3H, 
s). Optical rotation: [α]D20 +11.7 (c 1.00, CHCl3) for a sample with 98.5:1.5 er. The 
                                                
(185) Fleming, I.; Henning, R.; Parker, D. C.; Plaut, H. E.; Sanderson, P. E. J. J. Chem. Soc., Perkin Trans. 
1, 1995, 317–337. 
(186) Hayashi, T.; Matsumoto, Y.; Ito, Y. J. Am. Chem. Soc. 1988, 110, 5579–5581. 
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spectroscopic data match those reported previously and the absolute configuration was 
assigned by comparison with reported data. 187 Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (98.5:1.5 er shown below; 
chiracel OD column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
 
(S)-4-(Dimethyl(phenyl)silyl)pentan-2-one (4.20). 1H NMR (400 MHz, CDCl3): δ 7.52-
7.47 (2H, m), 7.39-7.33 (3H, m), 2.42 (1H, dd, J = 16.4, 3.6 Hz), 2.18 (1H, dd, J = 16.0, 
10.8 Hz), 2.07 (3H, s), 1.54-1.45 (1H, m), 0.93 (3H, d, J = 7.2 Hz), 0.29 (3H, s), 0.28 (3H, 
s). Optical rotation: [α]D20 +26.2 (c 0.55, CHCl3) for a sample with 97:3 er. The 
spectroscopic data match those reported previously and the absolute configuration was 
assigned by comparison with reported data.188 Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (97:3 er shown below; 
chiralpak AD-H column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 220 
nm). 
                                                
(187) Kacprzynski, M. A.; Kazane, S. A.; May, T. L.; Hoveyda, A. H. Org. Lett. 2007, 9, 3187–3190. 
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(S)-4-(Dimethyl(phenyl)silyl)nonan-2-one (4.21). IR (neat): 2955 (m), 2925 (m), 1716 
(s), 1427 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.51-7.48 (2H, m), 7.36-7.31 (3H, m), 
2.41 (1H, dd, J = 17.2, 5.2 Hz), 2.31 (1H, dd, J = 17.2, 8.0 Hz), 2.03 (3H, s), 1.54-1.38 
(2H, m), 1.30-1.10 (7H, m), 0.85-0.82 (3H, m), 0.28 (3H, s), 0.27 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 209.2, 138.2, 133.9, 128.9, 127.7, 44.5, 32.0, 30.5, 29.8, 28.8, 22.5, 20.3, 
14.0, –3.9, –4.4; HRMS (ESI+) Calcd for C17H28SiO [M+]: 276.1909, Found: 276.1923. 
Optical rotation: [α]D20 +36.0 (c 1.97, CHCl3) for a sample with 98:2 er. The absolute 
configuration was assigned by analogy to entry 1 in Table 3. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (98:2 er 
shown below; chiracel AS column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 1.0 
mL/min, 220 nm). 
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(R)-4-(Dimethyl(phenyl)silyl)-5-methylhexan-2-one (4.22). 1H NMR (400 MHz, 
CDCl3): δ 7.52-7.48 (2H, m), 7.36-7.32 (3H, m), 2.45 (1H, dd, J = 17.6, 7.2 Hz), 2.36 
(1H, dd, J = 17.6, 5.2 Hz), 2.00 (3H, s), 1.93-1.82 (1H, m), 1.63-1.57 (1H, m), 0.88 (3H, 
d, J = 6.8 Hz), 0.82 (3H, d, J = 7.2 Hz), 0.33 (3H, s), 0.30 (3H, s); 13C NMR (100 MHz, 
CDCl3): δ 209.9, 139.6, 134.6, 129.5, 128.4, 42.0, 30.4, 29.5, 28.2, 23.6, 21.9, –1.6, –2.4. 
Optical rotation: [α]D20 +18.6 (c 2.45, CHCl3) for a sample with 97:3 er. The 
spectroscopic data match those reported previously188 and the absolute configuration was 
assigned by analogy to entry 1 in Table 3. Enantiomeric purity was determined by HPLC 
analysis in comparison with authentic racemic material (97:3 er shown below; chiracel 
AS column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 1.0 mL/min, 220 nm). 
                                                
(188) Barbero, A.; Blakemore, D. C.; Fleming, I.; Wesley, R. N. J. Chem. Soc. Perkin Trans. 1 1997, 
1329–1352. 
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 (R)-4-(Dimethyl(phenyl)silyl)-4-(4-methoxyphenyl)butan-2-one (4.23). 1H NMR (400 
MHz, CDCl3): δ 7.40-7.30 (5H, m), 6.84 (2H, d, J = 8.4 Hz), 6.73 (2H, d, J = 8.4 Hz), 
3.74 (3H, s), 2.87-2.77 (2H, m), 2.59 (1H, dd, J = 26.4, 13.2 Hz), 1.92 (3H, s), 0.22 (3H, 
s), 0.19 (3H, s). Optical rotation: [α]D20 –1.84 (c 1.30, CHCl3) for a sample with 97:3 er. 
The spectroscopic data match those reported previously6 and the absolute configuration 
was assigned by analogy to entry 4 in Table 3. Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (97:3 er shown below; 
chiracel AD-H column (25 cm x 0.46 cm), 95/5 hexanes/i-PrOH, 0.9 mL/min, 220 nm). 
 
(R)-4-(Dimethyl(phenyl)silyl)-4-(4-(trifluoromethyl)phenyl)butan-2-one (4.24). 1H 
NMR (400 MHz, CDCl3): δ 7.46-7.36 (7H, m), 7.03 (2H, d, J = 8.0 Hz), 3.02-2.91 (2H, 
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m), 2.71 (1H, d, J = 16.0 Hz), 1.98 (3H, s), 0.26 (3H, s), 0.25 (3H, s); optical rotation: 
[α]D20 +6.66 (c 2.45, CHCl3) for a sample with 96:4 er. The spectroscopic data match 
those reported previously6 and the absolute configuration was assigned by analogy to 
entry 4 in Table 3. Enantiomeric purity was determined by HPLC analysis in comparison 
with authentic racemic material (96:4 er shown below; chiralpak AD-H column (25 cm x 
0.46 cm), 99/1 hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
 
 (R)-4-(Dimethyl(phenyl)silyl)-4-o-tolylbutan-2-one (4.25). 1H NMR (400 MHz, 
CDCl3): δ 7.40-7.32 (5H, m), 7.10-7.07 (2H, m), 7.02-6.98 (1H, m), 6.88-6.86 (1H, m), 
3.16 (1H, dd, J = 11.2, 4.0 Hz), 2.96 (1H, dd, J = 16.8, 10.8 Hz), 2.68 (1H, dd, J = 16.8, 
4.0 Hz), 2.24 (3H, s), 1.93 (3H, s), 0.30 (3H, s), 0.21 (3H, s). Optical rotation: [α]D20 
+11.3 (c 1.08, CHCl3) for a sample with 93.5:6.5 er. The spectroscopic data match those 
reported previously189 and the absolute configuration was assigned by analogy to entry 4 
in Table 3. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (93.5:6.5 shown below; chiracel OD column (25 cm x 0.46 
cm), 99.9/0.1 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
                                                
(189) Shintani, R.; Okamoto, K.; Hayashi, T. Org. Lett. 2005, 7, 4757–4759. 
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 (S)-Methyl 3-(dimethyl(phenyl)silyl)butanoate (4.27). 1H NMR (400 MHz, CDCl3): δ 
7.52-7.49 (2H, m), 7.39-7.33 (3H, m), 3.62 (3H, s), 2.39 (1H, dd, J = 15.2, 4.0 Hz), 2.07 
(1H, dd, J = 15.2, 11.2 Hz), 1.49-1.40 (1H, m), 0.98 (3H, d, J = 7.2 Hz), 0.29 (6H, s). 
Optical rotation: [α]D20 +2.50 (c 1.75, CHCl3) for a sample with 96.5:3.5 er. The 
spectroscopic data match those reported previously190 and the absolute configuration was 
assigned by analogy to entry 1 in Table 3. Enantiomeric purity was determined by HPLC 
analysis in comparison with authentic racemic material (96.5:3.5 er shown below; 
chiralpak AD-H column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.51 mL/min, 220 
nm). 
 
                                                
(190) Lipshutz, B. H.; Tanaka, N.; Taft, B. R.; Lee, C-T. Org. Lett. 2006, 8, 1963–1966. 
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(R)-Methyl 3-(dimethyl(phenyl)silyl)-3-phenylpropanoate (4.28). 1H NMR (400 MHz, 
CDCl3): δ 7.42-7.32 (5H, m), 7.22-7.19 (2H, m), 7.12-7.08 (1H, m), 6.97-6.95 (2H, m), 
3.47 (3H, s), 2.86 (1H, dd, J = 11.2, 4.8 Hz), 2.77 (1H, dd, J = 15.6, 11.2 Hz), 2.66 (1H, 
dd, J = 15.6, 11.2 Hz), 0.98 (3H, d, J = 7.2 Hz), 0.26 (3H, s), 0.23 (3H, s). Optical 
rotation: [α]D20 +4.98 (c 2.30, CHCl3) for a sample with 95.5:4.5 er. The spectroscopic 
data match those reported previously191 and the absolute configuration was assigned by 
analogy to the product entry 4 in Table 3. Enantiomeric purity was determined by HPLC 
analysis in comparison with authentic racemic material (95.5:4.5 er shown below; 
chiralpak AD-H column (25 cm x 0.46 cm), 99.2/0.8 hexanes/i-PrOH, 0.3 mL/min, 220 
nm). 
 
(R)-3-(Dimethyl(phenyl)silyl)-3-phenylpropanenitrile (4.29). 1H NMR (400 MHz, 
CDCl3): δ 7.43-7.33 (5H, m), 7.27-7.23 (2H, m), 7.19-7.14 (1H, m), 6.96-6.93 (2H, m), 
2.65-2.56 (3H, m), 0.27 (6H, s); 13C NMR (100 MHz, CDCl3): δ 140.3, 135.8, 134.7, 
130.5, 129.2, 128.7, 128.1, 126.6, 120.3, 33.7, 19.5, –3.4, –4.9. Optical rotation: [α]D20 –
13.4 (c 1.16, CHCl3) for a sample with 90:10 er. The spectroscopic data match those 
                                                
(191) Dambacher, J.; Bergdahl, M. J. Org. Chem. 2005, 70, 580–589. 
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reported previously5 and the absolute configuration was assigned by analogy to entry 1 in 
Table 3. Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (90:10 er shown below; chiracel AS column (25 cm x 0.46 
cm), 99.7/0.3 hexanes/i-PrOH, 1.0 mL/min, 220 nm).  
 
 (2S,3S)-3-(Dimethyl(phenyl)silyl)-2-(hydroxy(phenyl)methyl)cyclopentanone (4.39). 
IR (neat): 3434 (w), 2955 (w), 2893 (w), 1724 (s), 1250 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.45-7.42 (2H, m), 7.40-7.32 (3H, m), 7.29-7.19 (3H, m), 7.06-7.03 (2H, m), 
4.83 (1H, d, J = 4.4 Hz), 3.86 (1H, bs), 2.53 (1H, dd, J = 9.6, 4.4 Hz), 2.15-2.06 (1H, m), 
1.95-1.86 (2H, m), 1.66-1.57 (1H, m), 1.50-1.37 (1H, m), 0.22 (3H, s), 0.20 (3H, s); 13C 
NMR (100 MHz, CDCl3): d 225.2, 142.3, 137.6, 134.5, 130.1, 129.0, 128.7, 128.3, 127.3, 
75.8, 56.2, 40.9, 24.4, 23.9, –4.0, –4.2; HRMS (ESI+) Calcd for C20H25SiO2 [M+H]: 
325.1624, Found: 325.1635. Optical rotation: [α]D20 –15.1 (c 1.40, CHCl3) for a sample 
with 6:1 dr.  
(2S,3S)-3-(Dimethyl(phenyl)silyl)-2-(hydroxy(phenyl)methyl)cycloheptanone (4.41). 
Upon standing, the product undergoes retro-aldol reaction, as evidenced by HRMS and 
1H NMR to afford (S)-3-(dimethyl(phenyl)silyl)cycloheptanone (entry 3 in Table 2) in 
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95.5:4.5 er. HRMS of 24 (ESI+) Calcd for C22H32NSiO2 [M+NH4]: 370.2202, Found: 
370.2204. The diastereomeric ratio (3:1 dr) was obtained through analysis of 1H NMR 
spectra of the unpurified mixtures. 
■  Preparation of (1R,4R)-4-(dimethyl(phenyl)silyl)-3,3-dimethyl-1-phenylcyclo-
pentanol (4.42): An oven-dried vial (6 x 1 cm) under a dry N2 atmosphere equipped with 
a stir bar was charged with 25 (Table 2, entry 1, 99:1 er) (0.12 mmol, 30 mg) and Et2O (2 
mL) was added and the solution was allowed to cool to –78 °C. A solution of PhLi (78 
µL, 0.13 mmol) in n-Bu2O (1.71 M) was added at –78 °C. After 6 h at -50 °C, the reaction 
was quenched by the addition of 1M HCl solution (0.5 mL) and H2O (2 mL) and the 
mixture was allowed to warm to 22 °C. Layers were separated, and the aqueous layer was 
washed with Et2O (5 mL x 2). The combined organic layers were dried over MgSO4 and 
filtered. The volatiles were removed in vacuo and the resulting light yellow oil was 
purified by silica gel chromatography (hexanes/Et2O:3/1) to afford 31 mg (0.097 mmol, 
85% yield) of 26 as a colorless oil (>25:1 dr). IR (neat): 3387 (w), 2953 (s), 2687 (m), 
1250 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.53-7.50 (2H, m), 7.44-7.41 (2H, m), 
7.35-7.28 (5H, m), 7.21-7.18 (1H, m), 2.42 (1H, dd, J = 13.8, 8.6 Hz), 2.29 (1H, dd, J = 
13.6, 13.6 Hz), 2.08 (1H, d, J = 13.6 Hz), 1.87 (1H, d, J = 14.0 Hz), 1.71 (1H, s), 1.42-
1.37 (1H, m), 1.23 (3H, s), 0.97 (3H, s), 0.39 (3H, s), 0.35 (3H, s); 13C NMR (100 MHz, 
CDCl3): δ 150.6, 140.1, 134.5, 129.5, 128.9, 128.4, 127.2, 125.1, 83.7, 62.8, 47.7, 44.3, 
41.4, 31.6, 27.4, –1.7, –1.9; HRMS (ES+) Calcd for C21H28SiONa [M+Na]: 347.1807, 
Found: 347.1811. Optical rotation: [α]D20 –21.0 (c 1.01, CHCl3). 
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(1R,3R)-4,4-Dimethyl-1-phenylcyclopentane-1,3-diol (4.43). IR (neat): 3356 (m), 2957 
(s), 2926 (s), 2869 (m), 1448 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.46-7.43 (2H, m), 
7.38-7.34 (2H, m), 7.31-7.26 (1H, m), 4.13 (1H, dd, J = 8.0, 6.0 Hz), 2.77 (1H, dd, J = 
14.0, 6.0 Hz), 2.22 (1H, dd, J = 14.0, 6.0 Hz), 2.08 (2H, s), 1.16 (3H, s), 0.96 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 143.8, 129.3, 128.4, 126.8, 92.6, 80.3, 50.5, 42.6, 42.0, 28.6, 
23.6; Optical rotation: [α]D20 –7.04 (c 0.800, CHCl3) for a sample with 98:2 er. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98:2 er shown below; chiralpak AD-H column (25 cm x 0.46 cm), 
90/10 hexanes/i-PrOH, 0.5 mL/min, 220 nm).  
 
Methyl 2-((1S,2S)-2-(dimethyl(phenyl)silyl)-6-oxocyclohexyl)acetate (4.46) 192 . IR 
(neat): 2951 (w), 2858 (w), 1735 (s), 1708 (s), 1428 (m) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 7.49-7.45 (2H, m), 7.40-7.33 (3H, m), 3.58 (3H, s), 2.78 (1H, dddd, J = 18.8, 
9.6, 3.6, 0.8 Hz), 2.46-2.32 (3H, m), 2.72-2.13 (2H, m), 1.87-1.82 (1H, m), 1.82-1.56 (2H, 
m), 1.35 (1H, td, J = 12.8, 3.6 Hz), 0.38 (3H, s), 0.33 (3H, s); 13C NMR (100 MHz, 
                                                
(192) For total synthesis of (+)-erysotramidine, see: (a) Tietze, L. F.; Tolle, N.; Kratzert, D.; Stalke, D. 
Org. Lett. 2009, 11, 5230–5233. (b) Blake, A. J.; Gill, C.; Greenhalgh, D. A.; Simpkins, N. S.; Zhang, F. 
Synthesis 2005, 19, 3287–3292. 
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CDCl3): δ 212.9, 173.5, 138.5, 134.3, 130.0, 128.7, 52.2, 48.9, 42.5, 34.6, 32.7, 30.8, 28.2, 
–2.2, –3.3; HRMS (ES+) Calcd for C17H25SiO3 [M+H]: 305.1573, Found: 305.1580. 
Optical rotation: [α]D20 –79.4 (c 2.33, CHCl3) for a sample with 97.5:2.5 er. Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material 
(97.5:2.5 er shown below; chiracel AS column (25 cm x 0.46 cm), 90/10 hexanes/i-PrOH, 
0.5 mL/min, 220 nm).  
■  NHC–Cu-Catalyzed Enantioselective 1,6-Conjugate Silyl Additions: (R,Z)-3-(2-
(Dimethyl(phenyl)silyl)-2-phenylethylidene)cyclohexanone (4.49). IR (neat): 3023 (m), 
2956 (m), 1714 (s), 1248 (m) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.36-7.26 (5H, m), 
7.18 (2H, t, J = 8.0 Hz), 7.07 (1H, t, J = 7.4 Hz), 6.97-6.93 (2H, m), 5.67 (1H, d, J = 11.6 
Hz), 3.25 (1H, d, J = 11.6 Hz), 2.94 (1H, d, J = 16.4 Hz), 2.69 (1H, dd, J = 16.4, 1.6 Hz), 
2.38-2.26 (4H, m), 1.80-1.65 (2H, m), 0.22 (3H, s), 0.19 (3H, s); 13C NMR (100 MHz, 
CDCl3): δ 209.3, 142.4, 137.3, 134.9, 132.2, 129.9, 128.9, 128.2, 127.9, 125.4, 124.7, 
46.0, 42.0, 38.0, 35.8, 25.6, –3.7, –4.5; HRMS (ES+) Calcd for C22H26SiONa [M+Na]: 
357.1651, Found: 357.1645. Optical rotation: [α]D20 –5.90 (c 1.81, CHCl3) for a sample 
with 98:2 er. The absolute configuration was assigned by analogy to entry 4 in Table 3. 
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98:2 er shown below; chiralpak AD-H column (25 cm x 0.46 cm), 95/5 
hexanes/i-PrOH, 0.3 mL/min, 220 nm). 
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(R,E)-3-(2-(Dimethyl(phenyl)silyl)-2-phenylethylidene)-4,4-dimethylcyclohexanone 
(4.52). IR (neat): 2959 (m), 1686 (s), 1253 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.37-
7.27 (5H, m), 7.19 (2H, t, J = 7.6 Hz), 7.08 (1H, t, J = 7.4 Hz), 6.95 (2H, d, J = 7.2 Hz), 
5.69 (1H, d, J = 11.6 Hz), 3.16 (1H, d, J = 11.6 Hz), 3.04 (1H, d, J = 17.2 Hz), 2.73 (1H, 
dd, J = 17.2, 1.6 Hz), 2.33-2.27 (2H, m), 1.59 (2H, t, J = 6.8 Hz) 1.18 (3H, s), 1.15 (3H, 
s), 0.22 (3H, s), 0.19 (3H, s); 13C NMR (100 MHz, CDCl3): δ 210.5, 142.6, 138.0, 137.3, 
134.9, 129.9, 128.9, 128.2, 127.9, 125.4, 122.7, 43.0, 38.2, 38.0, 38.0, 36.7, 28.5, 28.3, –
3.7, –4.5; HRMS (ES+) Calcd for C24H30SiONa [M+Na]: 385.1964, Found: 385.1955. 
Optical rotation: [α]D20 +16.0 (c 1.30, CHCl3) for a sample with 96:4 er. The absolute 
configuration was assigned by analogy to entry 4 in Table 3. Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (96:4 er 
shown below; chiralpak AD-H column (25 cm x 0.46 cm), 99.3/0.7 hexanes/i-PrOH, 0.3 
mL/min, 220 nm). 
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(R,E)-3-(Dimethyl(phenyl)silyloxy)-3-styrylcyclohexanone (4.72). IR (neat): 2955 (m), 
1716 (s), 1427 (m), 1251 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.52-7.50 (2H, m), 
7.37-7.21 (6H, m), 7.18-7.16 (2H, m), 6.37 (1H, d, J = 16.4 Hz), 6.11 (1H, d, J = 16.4 
Hz), 2.65 (1H, d, J = 14 Hz), 2.61 (1H, d, J = 14 Hz), 2.91-2.33 (1H, m), 2.90-2.21 (1H, 
m), 2.11-2.00 (2H, m), 1.91-1.74 (2H, m), 0.35 (3H, s), 0.33 (3H, s); 13C NMR (100 MHz, 
CDCl3): δ 210.2, 140.2, 136.8, 135.0, 134.1, 130.0, 129.9, 129.3, 128.6, 128.5, 127.2, 
78.9, 54.1, 41.4, 38.1, 21.4, 1.6, 1.5; HRMS (ESI+) Calcd for C22H27SiO2 [M+H]: 
351.1780, Found: 351.1769. Optical rotation: [α]D20 +10.4 (c 0.90, CHCl3) for a sample 
with 94.5:5.5 er. Enantiomeric purity was determined by HPLC analysis in comparison 
with authentic racemic material (94.5:5.5 er shownbelow; chiralpak AD-H column (25 
cm x 0.46 cm), 99.3/0.7 hexanes/i-PrOH, 0.3 mL/min, 220 nm).  
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  All data including NMR spectra related with enantioselective 1,6-conjugate silyl 
additions are in preparation of manuscript and will be added soon. 
 
  NMR Spectra 
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Chapter  5. NHC–Cu-Catalyzed Enantioselective 
Boronate Conjugate Additions and NHC-Catalyzed 
Boronate Conjugate Additions to α ,β-Unsaturated 
Carbonyls  
5.1 Introduction 
Development of efficient catalytic protocols for efficient formation of 
organoboranes is an important objective in chemical synthesis; such transformations 
provide access to an assortment of organoboranes, which can be functionalized in a 
variety of manners.193  Although metal-catalyzed olefin hydroboration is one attractive 
approach to preparation of organoboranes, catalytic methods that provide the maximum 
reactivity and selectivity across a wide range of substrates remain elusive.194  Catalytic 
enantioselective conjugate additions of organometallic nucleophiles to electron-deficient 
olefins have been developed and widely used as a strategy for the construction of carbon-
carbon bonds in organic synthesis.  The corresponding protocols involving boron 
nucleophiles, however, remain limited.   
                                                
(193) For reviews regarding the utility of organoboranes, see: (a) Brown, H. C.; Singaram, B. Pure Appl. 
Chem. 1987, 59, 879–894. (b) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457–2483. (c) Chemler, S. 
R.; Trauner, D.; Danishefsky, S. J. Angew. Chem., Int. Ed. 2001, 40, 4544–4568. 
( 194 ) For examples of metal-catalyzed C–B forming reactions (not conjugate additions), see: 
Hydroborations of olefins (a) Beletskaya, I.; Pelter, A. Tetrahedron 1997, 53, 4957–5026. (b) Carroll, A.-
M.; O’Sullivan, T. P.; Guiry, P. J. Adv. Synth. Catal. 2005, 347, 609–631.  Cross-coupling with 
organohalides (c) Ishiyama, T.; Ishida, K.; Miyaura, N. Tetrahedron 2001, 57, 9813–9816. 
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5.2 Background 
Tremendous effort has been devoted to the transition metal-catalyzed boronate 
conjugate additions and many reports regarding Pt-,195 Rh-,196 Ni-197 and Cu-catalyzed198 
conjugate additions of diborons recently disclosed.  Only a few methods for Cu-catalyzed 
enantioselective boronate conjugate addition to electron-deficient olefins have been 
reported.199,200  In 2008, Yun and co-workers disclosed the first enantioselective boronate 
conjugate additions to α,β-unsaturated carbonyls.201  As shown in Scheme 5.2.1, in 
presence of a catalytic amount of CuCl and chiral phosphine, conjugate addition of 
bis(pinacolato)diboron [B2(pin)2] to ethyl-2-butenoate affords enantiomerically enriched 
β-boroester (a) in 94% yield and 95:5 er.  The sterically more demanding β-isopropyl 
substituted enoate is also effective, furnishing the desired product (b) in 92% yield and 
95.5:4.5 er.  Substrates containing β-aryl as well as heteroaromatic substituents proceed 
to deliver the corresponding β-boroesters in 87–93% yield and 91:9–95:5 er [(c)–(e)].  An 
                                                
(195) (a) Lawson, Y. G.; Lesley, M. J. G.; Marder, T. B.; Norman, N. C.; Rice, C. R. Chem. Commun. 1997, 
2051–2052. (b) Abu Ali, H.; Goldberg, I.; Sbrenik, M. Organometallics 2001, 20, 3962–3965. (c) Bell, N. 
J.; Cox, A. J.; Cameron, N. R.; Evans, J. S. O.; Marder, T. B.; Duin, M. A.; Elsevier, C. J.; Baucherel, X.; 
Tulloch, A. A. D.; Tooze, R. P. Chem. Commun. 2004, 1854–1855. 
(196) (a) Kabalka, G. W.; Das, B. C.; Das, S. Tetrahedron Lett. 2002, 43, 2323–2325.   
(197) Hirano, K.; Yorimitsu, H.; Oshima, K. Org. Lett. 2007, 9, 5031–5033. 
(198) (a) Ito, H.; Yamanaka, H.; Tateiwa, J-i.; Hosomi, A. Tetrahedron Lett. 2000, 41, 6821–6825. (b) Mun, 
S.; Lee, J.-E.; Yun, J. Org. Lett. 2006, 8, 4887–4889. (c) Lee, J.-E.; Kwon, J.; Yun, J. Chem. Commun. 
2008, 733–734.  For boron conjugate additions with stoichiometric amounts of Cu salts, see: (d) Takahashi, 
K.; Ishiyama, T.; Miyaura, N. J. Organomet. Chem. 2001, 625, 47–53. (e) Kabalka, G. W.; Das, B. C.; Das, 
S. Tetrahedron Lett. 2001, 42, 7145–7146. 
(199) For a review on enantioselective boron conjugate additions, see: Schiffner, J. A.; Müther, K.; 
Oestreich, M. Angew. Chem., Int. Ed. 2010, 49, 1194–1196.  
(200) For Rh-catalyzed enantioselective boron conjugate additions, see: Shiomi, T.; Adachi, T.; Toribatake, 
K.; Zhou, L.; Nishiyama, H. Chem. Commun. 2009, 5987–5989. 
(201) (a) Lee, J.-E.; Yun, J. Angew. Chem., Int. Ed. 2007, 47, 145–147. (b) Sim, H.-S.; Feng, X.; Yun, J. 
Chem., Eur. J. 2009, 15, 1939–1943. (c) Chea, H.; Sim, H.-S.; Yun, J. Adv. Synth. Catal. 2009, 351, 855–
858. 
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α,β-unsaturated nitrile serves as an effective substrate as well [97% yield and 97:3 er, (f)].  
Later, the Yun group further expanded the scope of substrates to various α,β-unsaturated 
amides and ketones, affording the corresponding β-boryl carbonyls in 79–97% yield and 
90.5:9.5–99.5:0.5 er [(g)–(j)]. 







3 mol % CuCl
4.5 mol % NaOt-Bu, B2(pin)2























































The proposed mechanism is illustrated in Scheme 5.2.2; CuOt-Bu, derived from 
CuCl and NaOt-Bu, reacts with B2(pin)2 and the chiral phosphine to generate phosphine–
CuB(pin) (A), which subsequently adds to the α,β-unsaturated ester, affording enol-Cu 
intermediate (B).  In their catalytic system, MeOH is required as an additive to accelerate 
the formation of the β-boryl carbonyl (C) and produce phosphine–CuOMe (D), which 
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The Fernández group reported a similar method with use of MeOH (Scheme 
5.2.3);202  with an NHC as chiral ligand, the boronate conjugate additions proceed 
efficiently to afford β-borylesters in 99% conversion but with low to moderate 
enantioselectivities. 




2 mol % CuCl,
6 mol % NaOt-Bu,
1.1 equiv B2(pin)2
















More recently, Shibasaki and Kanai reported the first example of Cu-catalyzed 
enantioselective boronate conjugate additions to β-substituted cyclic enones to afford 
boron-containing quaternary carbon stereogenic centers.203  As depicted in Scheme 5.2.4, 
                                                
(202) Lillo, V.; Prieto, A.; Bonet, A.; Díaz-Requejo, M. M.; Ramírez, J.; Pérez, P. J.; Fernández, E. 
Organometallics, 2009, 28, 659–662. 
(203) Chen, I-H.; Yin, L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am Chem. Soc. 2009, 131, 11664–11665. 
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the derived chiral phosphine–Cu complex promotes enantioselective boronate conjugate 
additions to β-aryl-containing cyclohexenones, delivering β-boryl ketones (a) and (b) in 
84–88% yield and 96.5:3.5–99:1 er.  The corresponding β-methyl substituted β-boryl 
ketone (c) was isolated in 91% yield but in lower enantioselectivity (90.5:9.5 er) 
compared to β-aryl-containing cyclohexenones.  Substrates bearing α- (d) or β-branched 
alkyl substituents (e) at the β-positions of the enone proceed slowly, requiring 10 mol % 
catalyst to afford the desired products in 91% and 92% yield with 97:3 er and 92.5:7.5 er, 
respectively.  Reaction with β-alkyl cyclopentenone results in significant diminution in 
enantioselectivity [85:15 er, (f)]. 
Scheme 5.2.4. Cu-Catalyzed Enantioselective Boronate Conjugate Additions to  
β-Substituted Cyclic Enones  
O
Ph
10 mol % CuPF6(CH3CN)4
15 mol % LiOt-Bu
1.5 equiv B2(pin)2














(5 mol % Cu salt)













(5 mol % Cu salt)
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5.3 Enantioselective Synthesis of Boron-Substituted Quaternary 
Carbons by NHC–Cu-catalyzed Boronate Conjugate 
Additions to α ,β-Unsaturated Acyclic Esters, Ketones, and 
Thioesters204  
 Enantioselective synthesis of all-carbon quaternary stereogenic centers through 
catalytic conjugate addition has been a challenging problem in organic synthesis.205  Even 
though a few efficient methods with unsaturated cyclic carbonyls have been developed,206 
conjugate additions to β,β-disubstituted acyclic carbonyls to deliver quaternary carbon 
stereogenic centers remain scarce.207  The related process to generate boron-containing 
quaternary stereogenic centers203 is particularly important because the subsequent 
oxidation of the boronate would deliver the product of a ketone aldol process in high 
enantiomeric purity; general and efficient catalytic enantioselective protocols for aldol 
additions to ketones are yet to be introduced.208 
To initiate our investigations regarding Cu-catalyzed enantioselective boronate 
conjugate additions, we examined the ability of NHC–Cu complexes derived from 
various chiral imidazolinium salts in conjugate additions to α,β-unsaturated ester 5.3 as 
                                                
(204) O’Brien, J. M.; Lee, K.-s.; Hoveyda, A. H. J. Am Chem. Soc. 2010, 132, 10630–10633. 
(205) See ref (1) in Chapter 2. 
(206) For details, see Chapter 2. 
(207) (a) Wu, J.; Mampreian, D. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 4584–4585. (b) Wilsily, 
A.; Fillion, E. J. Org. Chem. 2009, 74, 8583–8594. (c) Mauleón, P.; Carretero, J. C. Chem. Commun. 2005, 
4961–4963. 
(208) (a) Denmark, S. E.; Fan, Y.; Eastgate, M. D. J. Org. Chem. 2005, 70, 5235–5248.  For a recent 
review on Cu-catalyzed ketone aldol processes, see: (b) Shibasaki, M.; Kanai, M. Chem. Rev. 2008, 108, 
2853–2873.  For Ag-catalyzed aldol adition to α-ketoesters, see: (c) Akullian, L. C.; Snapper, M. L.; 
Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128, 6532–6533. 
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an initial substrate with 1.2 equivalent of MeOH at –50 °C.  As depicted in Table 5.3.1, 
in presence of the bidentate NHC–Cu complex derived from 2.19, boronate conjugate 
addition affords β-borylester 5.4 in 94% conversion and 68.5:31.5 er (entry 1).  Use of 
sulfonate-containing bidentate NHC derived from 4.47 or 5.1 results in a slight increase 
in enantioselectivity (85.5:14.5–88:12 er) but in lower efficiency (60% and 45% conv, 
respectively, entries 2 and 3).   Structurally distinct monodentate NHC–Cu complexes 
were also examined; C2-symmetric imidazolinium salt 1.51 improves the efficiency of the 
catalytic process (95% conv) but with slightly lower selectivity (78.5:21.5 er, entry 4).  
With the corresponding C1-symmetric imidazolinium salt 1.33, the Cu-catalyzed protocol 
delivers 5.4 in significantly decreased enantioselectivity (62:38 er, entry 5).  Modification 
of the ortho-substituents of the symmetric mesityl unit in 1.33 to diethyl (1.34) and 
triisopropyl (1.35) groups results in increase of enantioselectivity with improved 
efficiency (88:12 er and >98% conv with 1.35, entry 7).  Introduction of a meta-methyl 
substituent (1.28) of the dissymmetric biphenyl unit in 1.33 affected lower 
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5.0 mol % chiral imidazolinium salt
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –50 °C, 2 h











































aUnder N2 atm. bDetermined by analysis of 400 MHz 1H NMR spectra of 


































With a reasonably selective NHC–Cu complex (derived from 1.35), further 
optimization of reaction conditions revealed that at –78 °C for 24 h, the boronate 
conjugate addition to 5.3 affords enantiomerically enriched β-borylester 5.4 in >98% 
conversion, 80% yield, and 96.5:3.5 er (Scheme 5.3.2); addition of acidic MeOH at the 
end of the reaction ensures quench at low temperature.  Substrate bearing an o-
bromophenyl group is also effective affording 5.5 in 92% yield and 95.5:4.5 er, but 
reaction with o-tolyl-containing enoate delivers 5.6 in significant diminution in reactivity 
and selectivity (38% conv and 53:47 er).  Transformations with m- and p-bromophenyl as 
well as 2-naphthyl substituent-containing enoates proceeded to deliver the desired 
products in 93–98% yield and 96.5:3.5–98:2 er (5.7–5.9).  The β-borylester bearing an 
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electron-withdrawing aryl group (5.10) is isolated in 93% yield with 99:1 er, but the 
reaction to obtain the β-borylester bearing an electron-donating group was sluggish (73% 
conv in 36 h), affording 5.11 in 69% yield and 95:5 er.  β-Ethyl substituted β-
phenylenoate is equally selective, compared to 5.3, affording the desired product 5.12 in 
94.5:5.5 but requires higher reaction temperature (–15 °C) to obtain 5.12 in reasonable 
isolated yield (90%).  Interestingly, when the Z-isomer of 5.3 is used as a substrate for 
enantioselective boronate conjugate addition at –30 °C, the enantiomer of 5.4 (72% conv, 
61% yield, and 89.5:10.5 er) as well as ~20% of the conjugate reduction product are 
obtained; presumably the lower reactivity of Z-5.3 (vs E-5.3) is because the larger phenyl 
unit raises the energy of the substrate conformer where the carbonyl properly overlaps 
with the alkene [A(1,3)-strain]. 






92% yield, 95.5:4.5 er
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –78 °C





















































90% yield, 94.5:5.5 er
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Interestingly, increasing the steric bulk of the β-alkyl substituent to an isopropyl 
group results in only conjugate reduction product (5.14) in 33% yield (51% conv) and 
78:22 er (<2% conv to 5.15, Scheme 5.3.3).  One possible reason to obtain 5.14 might be 
that the larger alkyl substituent (i-Pr) may disfavor the conjugate addition of bulky 
pinacolatoboron at the more sterically congested β-carbon, causing Cu–B(pin) (A) 
addition to take place with the same site selectivity as in reactions of disubstituted aryl 
alkenes, affording B.  Boron enolate D as well as NHC–Cu–OMe (C) will be generated 
upon addition of MeOH.  Thus, NHC–Cu–B(pin) (A) could be reformed by reaction of C 
with B2(pin)2 (Path I, Scheme 5.3.3).  Another possibility could be that with the less 
reactive substrate, the catalytically active species NHC–Cu–B(pin) (A) might react faster 
with MeOH to generate a less bulky NHC–Cu–H (E), which might subsequently add to 
the sterically congested enonate 5.13 to furnish Cu-enolate (F) (Path II in Scheme 5.3.3).  
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Scheme 5.3.3. NHC–Cu-Catalyzed Enantioselective Conjugate Additions to Sterically 
Hindered Enoates 
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –78 °C






















































































The NHC–Cu complex derived from imidazolinium salt 1.35 promotes 
enantioselective boronate conjugate additions to various alkyl-substituted enoates 
(Scheme 5.3.4).  The enantiomerically enriched β-boryl ester 5.17 is isolated in 80% 
yield and 95.5:4.5 er.  In contrast to the reaction with Z-5.3, the other enantiomer is 
obtained from Z-5.16 with similar efficiency and selectivity (71% yield and 92:8 er).  
Formation of β-boronate ester 5.18, containing an α-branched alkyl group, is efficient 
and selective (>98% yield and 94:6 er), but conversion and enantioselectivity of the β-
branched 5.19 is substantially decreased (67% conv, 62% yield, and 73.5:26.5 er). 
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Scheme 5.3.4. NHC–Cu-Catalyzed Enantioselective Boronate Conjugate Additions to 
Alkyl-Substituted Enoates 
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –78 °C



































>98% yield, 94:6 er
 
α,β-Unsaturated enones also undergo enantioselective boronate conjugate 
additions, but products are obtained in lower enantioselectivity than the aforementioned 
enoates (Scheme 5.3.5); β-borylketones 5.21 and 5.22 are isolated in 89% and 73% yield 
with 94:6 er and 82.5:17.5 er, respectively.  It should be noted that without MeOH, 
boronate conjugate addition to enone 5.20 leads to diminution in reaction rate (72% conv 
at 4 °C), but with retained enantioselectivity (91.5:8.5 er), affording 5.21 in 61% yield. 












73% yield, 82.5:17.5 er
(–30 °C, 24 h)
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –78 °C















To expand the substrate scope, as well as to address the low enantioselectivity in 
some reactions, we investigated enantioselective boronate conjugate additions to α,β-
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unsaturated thioesters.209  As shown in Scheme 5.3.6, NHC–Cu-catalyzed boronate 
conjugate addition to 5.23 furnishes β-borylthioester 5.24 in 87% yield and 99:1 er.  It 
should be noted that reactions of thioester substrates are more sluggish than that of the 
corresponding ester substrates, requiring higher reaction temperature (–50 °C vs –78 °C 
for enoate 5.3), but the desired products are generally obtained with higher 
enantioselectivity (99:1 er vs 96.5:3.5 er for 5.4).  Thus, the corresponding β-alkyl-
substituted β-borylthioesters (5.25–5.27) were isolated in 89–94% yield and 90.5:9.5–
98:2 er. 
Scheme 5.3.6. NHC–Cu-Catalyzed Enantioselective Boronate Conjugate Additions to 
α,β-Unsaturated Thioesters 
5.0 mol % CuCl, 13 mol % NaOt-Bu
1.1 equiv B2(pin)2 (5.2)
1.2 equiv MeOH, thf, –50 °C


































90% yield, 97:3 er  
Subsequent functionalizations of β-borylthioesters allow us to access various β-
boryl carbonyl compounds; two examples are shown in eq 1 and 2.  By silver mediated 
                                                
(209) For an example of enantioselective conjugate additions to α,β-unsaturated acyclic thioesters, see: 
Mazery, R. D.; Pullez, M.; López, F.; Harutyunyan, S. R.; Minnaard, A. J.; Feringa, B. L. J. Am. Chem. Soc. 
2005, 127, 9966–9967.  
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esterification,210 thioester 5.25 is converted to β-borylester 5.17 in 98:2 er, which was 

















Furthermore β-borylketone 5.22, which was obtained in 82.5:17.5 er from the 
corresponding enone substrate, could be isolated with much higher enantioselectivity 






1.2 mol % Pd2(dba)3
3.0 mol % tri-(2-furyl)phosphine
1.2 equiv PhB(OH)2





62% yield, 99:1 er
(2)
 
Oxidation of β-boryl ester 5.19 affords enantiomerically enriched β-hydroxy ester 
5.28 (>98% yield), which cannot be prepared efficiently and selectively by alternative 















A possible mechanistic pathway, as well as a rationale for the level of 
enantioselectivity, is illustrated in Scheme 5.3.7; reaction of B2(pin)2 with NHC–CuOt-Bu 
(I), derived from chiral imidazolinium salt 1.35, CuCl, and NaOt-Bu, would generate 
catalytically active NHC–Cu–B(pin) (II).  Upon coordination of the α,β-unsaturated ester, 
the Cu–B bond is aligned with the substrate π* such that the carbonyl moiety preferably 
                                                
(210) Masamune, S.; Hayase, Y.; Schilling, W.; Chan, W. K.; Bates, G. S. J. Am. Chem. Soc. 1977, 99, 
6756–6758.  
(211) (a) Liebeskind, L. S.; Srogl, J. J. Am. Chem. Soc. 2000, 122, 11260–11261. (b) Yu, Y.; Liebeskind, L. 
S. J. Org. Chem. 2004, 69, 3554–3557. (c) Prokopcová, H.; Kappe, C. O. Angew. Chem., Int. Ed. 2009, 48, 
2276–2286. 
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resides proximal to the NHC’s dissymmetric aryl unit (III-A), furnishing the major 
enantiomer of β-borylesters.  Coordination to the other face of the enolate causes severe 
steric repulsion between the ester moiety and the isopropyl substituent of the symmetric 
aryl unit (III-B).  This substrate approach model explains the observation that with 
smaller ortho-substituents of the symmetric aryl unit (i.e., with 1.33 and 1.34; entries 5 
and 6 in Table 5.3.1), lower enantioselectivity is obtained (vs with 1.35, entry 7).  
Furthermore, in the presence of a meta-substituent of the dissymmetric aryl unit (i.e., 1.28, 
entry 8 in Table 5.3.1), enantioselectivity is significantly decreased (60.5:39.5 er) 
presumably due to the steric interaction of the ester moiety in the substrate and the meta-
methyl substituent.  It is difficult to explain the origin of lower enantioselectivity 
furnished by C2-symmetric NHC complex derived from 1.51, however as such variations 
may be the result of subtle conformational changes of the four contiguous aryl units of 
the NHC, caused by the presence of the triisopropylphenyl moiety.  Addition of the 
boronate to the α,β-unsaturated ester affords NHC–Cu-enolate (IV), which reacts with 
MeOH to generate the desired product V along with NHC–Cu–OMe VI.  Thus, reaction 
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Scheme 5.3.7. Proposed Catalytic Cycle for NHC–Cu-Catalyzed Enantioselective 
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 5.4 Efficient C–B Bond Formation Promoted by N-Heterocyclic 
Carbenes: Synthesis of Tertiary and Quaternary B-
Substituted Carbons through Metal-Free Catalytic Boron 
Conjugate Additions to Cyclic and Acyclic α ,β-Unsaturated 
Carbonyls212  
Development of catalytic protocols for efficient formation of C–B bonds from 
readily available substrates stands as an important goal in chemical synthesis.  Metal-free 
catalytic processes are valuable even in cases where a metal-catalyzed variant is 
available; the two reaction classes often proceed by mechanistically distinct pathways 
and can give rise to complementary reactivity and selectivity patterns. 
Although metal-catalyzed enantioselective boronate conjugate addition processes 
have been reported to afford the desired products with high efficiency and selectivity, 
development of a corresponding metal-free catalytic conjugate addition by direct 
activation213 of the Lewis acidic B2(pin)2 would constitute a mechanistically distinct 
pathway that involves substantially different intermediates, offering reactivity and 
selectivity levels that might not be available through reactions promoted by 
organometallic complexes. 
Our investigations were based on the principle that a highly Lewis basic NHC 
might effectively associate with Lewis acidic, commercially available 
                                                
(212) Lee, K.-s.; Zhugralin, A. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 7253–7255. 
(213) For a review on Lewis base activation of Lewis acids, see: Denmark, S. E.; Beutner, G. L. Angew. 
Chem., Int. Ed. 2008, 47, 1560–1638.  
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bis(pinacolato)diboron as illustrated in Scheme 5.4.1.  We postulated that such an 
interaction could lead to significant polarization of the B–B bond of the diboronate (I), 
promoting the reaction of the resulting complex with a polar α,β-unsaturated ketone (II–
III).  Upon reaction with B2(pin)2, nucleophile (i.e., NHC) would release and regenerate 
catalytically active I as well as boronate conjugate addition product IV.  It should be 
noted that, in the corresponding Cu-catalyzed process, use of MeOH as an additive to 
accelerate the reaction rate results in β-boryl carbonyl compounds as products.  In 
contrast, the present NHC-catalyzed system allows us to access boron enolate IV, which 
may be used for further functionalization.  Alkylation at the α-carbon with various 
electrophiles to afford V is representative. 































To test the feasibility of the above scenario, we set out to investigate various 
commercially available monodentate NHCs for catalytic activities.  As shown in Scheme 
5.4.2, cyclohexenone (5.29) is subjected to a premixed solution of imidazolinium salt 
5.31 and NaOt-Bu in thf, affording 66% conversion to the desired product 5.30.  The 
change of counterion of the imidazolinium chloride 5.31 to tetrafluoroborate does not 
affect catalytic activity, affording 5.30 in 65% conversion.  Use of unsaturated 5.32, 
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however, leads to a more efficient process (92% conv).  The reaction with sterically more 
demanding 5.33 affords 5.30 in 45% conversion under the same conditions.  The carbene 
derived from dicyclohexylimidazolium salt 5.34 and NaOt-Bu was found to catalyze 
formation of 5.30 in >98% conversion.  No reaction is observed in the presence of PPh3 
(5.36) or PCy3 (5.37) as well as NaOt-Bu alone (5.35), emphasizing the exceptional 
catalytic activity of the NHCs.  More borophilic triphenylphosphine oxide delivers the 
product in 50 % conversion, suggesting another potentially effective avenue for future 
catalyst development.  
Scheme 5.4.2. Activation of B2(pin)2 and Conjugate Additions with Various Lewis Base 
Catalysts 
10 mol % catalyst
10 mol % NaOt-Bu
NMesMesN




























With initial results in hand, we attempted to optimize reaction conditions further 
with imidazolinium salt 5.34.  As shown in Table 5.4.1, the reaction is complete with 
only 2.5 mol % catalyst in 12 h.  In addition, screening of reaction time in presence of 2.5 
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Table 5.4.1. Screening of Catalyst Loading 
THF, 22 °C, 12 h
1.1 equiv. B2(pin)2






















Table 5.4.2. Screening of Reaction Time 
THF, 22 °C, time
1.1 equiv. B2(pin)2



















To obtain mechanistic insight as well as to gauge the validity of the proposed 
scenario regarding the NHC-catalyzed boronate conjugate addition, we carried out 11B 
NMR and theoretical studies (DFT).  In the 11B NMR, the carbene derived from 5.34 was 
found to effect efficient complexation to B2(pin)2, as judged by the complete 
disappearance of the 11B NMR peak of B2(pin)2 at 30.1 ppm, furnishing two new broad 
peaks (presumably due to slow and reversible complexations on the NMR time scale) at δ 
1.8 (sp3 B) and 36.3 ppm (sp2 B).  The same experiment with the less effective NHC 
derived from 5.33 led to weak signals, since the complex formation is inefficient due to 
steric bulk, and large amounts of unreacted B2(pin)2 remain.  Density functional theory 
(DFT) calculations suggest that complexation to the NHC derived from 5.34 leads to 
weakening of the B–B bond, as evidenced by an increase in bond length [1.749 Å vs 
1.703 Å in B2(pin)2].  The partial atomic charges (APT) indicate that complexation of an 
NHC with B2(pin)2 results in polarization of B–B bond and diminished electrophilic 
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character of the two boron atoms; the unassociated boron bears a lower positive charge 
than the one with which the NHC interacts (+0.777 for sp2 B vs +0.898 for sp3 B; the 
electron density of the B–B bond is strongly polarized toward the unbound boron center). 
Scheme 5.4.3. DFT Calculations and 11B NMR Studies of B2(pin)2 and the Derived NHC 
Complex 
 
With optimal catalyst and reaction conditions, we expanded the range of 
substrates to various cyclic and acyclic carbonyls to generate tertiary B-substituted 
carbons.  As shown in Scheme 5.4.4, in presence of 2.5 mol % NHC catalyst, five-, 
seven-, and eight-membered cyclic enones undergo complete reaction, affording 5.39-
5.41 in 89-93% yield.  The present catalytic method is applicable to sterically congested 
substrates at the β-carbon as well, delivering 5.42 and 5.43 in 97% and 98% yield, 
respectively.  With a slightly higher catalyst loading (5 mol %), β-boryl lactone 5.44 is 
isolated in 95% yield.  Diastereoselective boronate conjugate additions to trisubstituted 
cyclic or acyclic enones efficiently proceed to afford the desired products 5.45–5.48 in 
70–98% yield but with moderate levels of diastereoselectivity (1.58:1–7.2:1 dr).  The 
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reactions to the corresponding α,β-unsaturated acyclic carbonyls were efficient as well 
furnishing β-boryl carbonyls (5.49 and 5.50) in 91% and 93% yield.  
Scheme 5.4.4. Synthesis of Tertiary B-Substituted Carbons by NHC-Catalyzed Boronate 
Conjugate Additions to Various Cyclic and Acyclic Carbonyls 
2.5 mol %
2.5 mol % NaOt-Bu
1.1 equiv B2(pin)2














































































Efficient formation of B-substituted quaternary carbon centers shows the 
exceptional utility of this protocol (Scheme 5.4.5).  β-borylketones 5.52 and 5.53 are 
obtained in 96% and 91% yields, respectively.  Furthermore, the catalytic process can be 
used to obtain larger quantities of β-borylketones: reaction with 0.5 g (4.54 mmol) of 
5.51 furnishes 0.94 g of 5.52 (87% yield).  The sterically demanding enones and less 
electrophilic lactone substrate underwent boronate addition to afford 5.54–5.56 in 44–
92% yield, albeit requiring longer reaction times. 
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Scheme 5.4.5. Synthesis of Quaternary B-Substituted Carbons by NHC-Catalyzed 
Boronate Conjugate Additions to Various Cyclic and Acyclic Carbonyls 
O
Me






45% conv, 44% yield







2.5 mol % NaOt-Bu
1.1 equiv B2(pin)2

























Another example of NHC-catalyzed boronate conjugate addition involving a 
sterically congested β-substituted enone to generate a B-containing quaternary carbon 
center is shown in eq 4; the reaction of commercially available and enantiomerically pure 







78% yield, >98:<2 dr
5.57 X-ray
5 mol %
5 mol % NaOt-Bu
1.1 equiv B2(pin)2








The special attributes of the present metal-free protocol were found in 
investigation of the corresponding Cu-catalyzed process.  As depicted in Scheme 5.4.6, 
with NHC–Cu complex derived from 5.34 and CuOt-Bu, boronate conjugate additions 
proceed as efficiently as the NHC-catalyzed reactions affording 5.52 and 5.56 in 90% and 
92% yield, respectively.  It should be noted that, in contrast to previous reports regarding 
phosphine–198b and NHC–Cu-catalyzed boronate additions,202 MeOH is not required for 
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efficient transformation, indicating that the NHC–Cu enolate A can furnish boron-enolate 
D, as the NHC-catalyzed process does, through a reaction with B2(pin)2 (B) and 
regenerates NHC–Cu–B(pin) (C) (Scheme 5.4.6).  This advantage is presumably due to 
the higher reactivity of Cu-enolates bearing a strong σ-donor NHC (vs the less Lewis 
basic phosphine ligands). 




























5 mol % CuCl
10 mol % NaOt-Bu
1.1 equiv B2(pin)2





















Another special attibute is that the NHC-catalyzed protocol is more functional 
group tolerant than the Cu-catalyzed process; two examples are described in eq 5–8.  
First, in the metal-free system, boronate conjugate addition proceeds to completion in the 
presence of one equivalent of 1-hexyne, affording D in 81% yield (eq 5).  The 
corresponding Cu-catalyzed conjugate addition is completely inhibited by the presence of 
the alkyne (<2% conv, eq 6); presumably the association of the NHC–Cu complex with 
π-Lewis basic alkynes leads to inhibition of the metal complex’s catalytic activity.  This 
result indicates that boronate conjugate addition to some substrates bearing alkynes can 
be only achieved through the metal-free protocol. 
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2.5 mol %
2.5 mol % NaOt-Bu
1.0 equiv 1-hexyne
1.1 equiv B2(pin)2






5 mol % NaOt-Bu
2.5 mol % CuCl
1.0 equiv 1-hexyne
1.1 equiv B2(pin)2



















Next, as shown in eq 7, NHC-catalyzed boronate conjugate addition can be 
performed in presence of benzaldehyde; the resulting boron enolate subsequently 
undergoes aldol reaction to afford 5.59 as a single diastereomer in 85% yield.  The 
relative stereochemistry of the product was determined by X-ray analysis.214  Interestingly, 
the relative stereochemistry of the product of the tandem boronate conjugate 
addition/aldol process indicates that the aldol addition occurs from the more sterically 







85% yield, >98:<2 dr
5.59 X-ray
2.5 mol % NaOt-Bu
1.2 equiv PhCHO
1.1 equiv B2(pin)2








In contrast, the corresponding Cu-catalyzed transformation affords 31% 
conversion to 5.59 and 19% diboration of benzaldehyde (5.60) as well as 24% conversion 
of the unreacted cyclohexenone (5.29) (eq 8).  Although a more efficient aldol reaction 
could be achieved by introducing benzaldehyde after the Cu-catalyzed boronate 
                                                
(214) For X-ray structure of the tandem reaction products (5.59B and 5.59C) from the corresponding 
reaction with p-chlorobenzaldehyde and p-bromobenzaldehyde, see Chapter 5.5). 
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conjugate addition, the tandem conjugate addition/aldol reaction or site-selective 
boronate conjugate addition to α,β-usaturated carbonyls containing an aldehyde can be 







5 mol % NaOt-Bu
2.5 mol % CuCl
1.2 equiv PhCHO
1.1 equiv B2(pin)2













The concept of the Lewis base activation of Lewis acidic boron reagents by a 
catalytic amount of NHC can be further expanded to other boron-containing reagents 
[besides B2(pin)2].  As shown in eq 9, under the same reaction conditions as shown 
previously, but using PhMe2Si–B(pin) instead of a diboron reagent, an NHC-catalyzed 
reaction affords β-silylketone 5.61 in >98% conversion with 67% yield.  Presumably the 
more Lewis acidic boron atom reacts with the Lewis basic NHC, resulting in the addition 
of the dimethylphenylsilyl group to the enone.  This type of Lewis base activation could 
also be applied to H–B(pin) (eq 10).  When 2-cyclohexenone (5.29) is treated with 5 
mol % of the carbene derived from 5.34 and 1.1 equivalent of H–B(pin), allylic alcohol 
5.62 was obtained in 80% yield after 2 h (<2% of conjugate reduction product).  This 
initial result paves a new effective way for reduction of a carbonyl group (even an α,β -
unsaturated ketone) and foreshadows that the corresponding enantioselective variant 
could be a potentially useful method for the synthesis of enantiomerically enriched allylic 
alcohols. 
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2.5 mol %
2.5 mol % NaOt-Bu
1.1 equiv PhMe2Si–B(pin)












2.5 mol % NaOt-Bu
1.1 equiv H–B(pin)














Initial attempts to develop NHC-catalyzed enantioselective boronate conjugate 
additions were performed; the reaction with the chiral NHC derived from imidazolinium 
salt 1.40 was sluggish compared to that with achiral NHCs, affording 5.30 in 29% conv 





















At –78 °C, the corresponding enantioselective conjugate addition of PhMe2Si–














2.5 mol % NaOt-Bu
1.1 equiv. PhMe2Si-B(pin)




Based on the above initial results, further investigations including optimizations 
of reaction conditions as well as screening of chiral imidazolinium salts are in progress in 
this laboratory. 
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5.5 Experimentals  
General.  Infrared (IR) spectra were recorded on a Bruker FT-IR Alpha (ATR mode) 
spectrophotometer, νmax in cm-1. Bands are characterized as broad (br), strong (s), medium 
(m), and weak (w).  1H NMR spectra were recorded on a Varian Unity INOVA 400 (400 
MHz) spectrometer.  Chemical shifts are reported in ppm from tetramethylsilane with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm).  Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, sep = septet, bs = broad singlet, m = multiplet), and coupling constants (Hz).  13C 
NMR spectra were recorded on a Varian Unity INOVA 400 (100 MHz) spectrometer 
with complete proton decoupling. Chemical shifts are reported in ppm from 
tetramethylsilane with the solvent resonance as the internal standard (CDCl3: 77.16 ppm).  
Optical rotations were measured on a Rudolph Research Analytical Autopol IV 
Polarimeter. High-resolution mass spectrometry was performed on a JEOL AccuTOF-
DART (positive mode) at the Mass Spectrometry Facility at Boston College.  Enantiomer 
ratios were determined by HPLC analysis (Chiral Technologies Chiralpak AD–H, 4.6 x 
250 mm, Chiral Technologies Chiralpak AS–H, 4.6 x 250 mm, Chiral Technologies 
Chiralcel OD–H, 4.6 x 250 mm, Chiral Technologies Chiralcel OJ–H, 4.6 x 250 mm, and 
Chiral Technologies Chiralcel OD–R, 4.6 x 250 mm), and GLC analysis (Alltech 
Associated Betadex 120 column, 30 m x 0.25 mm; Alltech Associated CDB-DM 120 
column, 30 m x 0.25 mm), in comparison with authentic racemic materials.  Unless 
otherwise noted, all reactions were carried out with distilled and degassed solvents under 
an atmosphere of dry N2 in oven- (135 °C) and flame-dried glassware with standard dry 
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box or vacuum-line techniques.  Solvents were purified under a positive pressure of dry 
argon by a modified Innovative Technologies purification system: toluene and benzene 
were purified through a copper oxide and alumina column; CH2Cl2 and Et2O were purged 
with argon and purified by passage through two alumina columns.  Tetrahydrofuran (thf) 
was purified by distillation from sodium benzophenone ketyl immediately prior to use.  
All work-up and purification procedures were carried out in air with reagent grade of 
solvents, which were purchased from Doe and Ingalls.  For all chiral imidazolinium salts 
and NHC–Ag complexes, see Chapter 1. 
Reagents and Catalysts: 
All achiral imidazolium and imidazolinium salts (5.31–5.34) were purchased from 
Aldrich and purified by silica gel chromatography prior to use. 
All acyclic substrates are known compounds and were prepared based on a previously 
reported procedure.215 
Benzaldehyde was purchased from Aldrich and distilled prior to use. 
Bis(pinacolato)diboron [B2(pin)2] was received from Frontier Scientific, Inc. and 
recrystallized from pentane prior to use. 
Copper (I) chloride was purchased from Strem Inc. and used as received. 
2-Cyclopentenone was purchased from Aldrich and distilled prior to use. 
2-Cyclohexenone was purchased from Aldrich and distilled prior to use. 
2-Cycloheptenone was purchased from Aldrich and distilled prior to use. 
                                                
(215) Deng, J.; Duan, Z.-H.; Huang, J.-D.; Hu, X.-P.; Wang, D.-Y.; Yu, S.-B.; Xu, X.-F.; Zheng, Z. Org. 
Lett. 2007, 9, 4825–4828.  
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2-Cyclooctenone was prepared by a previously reported procedure.216  
(E)-Ethyl 3-phenylbut-2-enoate was purchased from Aldrich and distilled prior to use. 
1-Hexyne was purchased from Aldrich and distilled prior to use. 
Hydrogen peroxide was purchased from Aldrich and used as received. 
Methanol was purchased from Aldrich and distilled prior to use. 
Silver trifuloroacetate Ag(CO2CF3) was purchased from Aldrich and used as received. 
Sodium tert-butoxide (98%) was purchased from Strem Inc. and used as received. 
Tricyclohexylphosphine was purchased from Strem Inc. and used as received. 
Triphenylphosphine was purchased from Aldrich and recrystallized prior to use. 
Triphenylphosphine oxide was purchased from Aldrich and recrystallized prior to use. 
 
  Experimental  
  Representative Procedure for NHC–Cu-Catalyzed Enantioselective Boron 
Conjugate Additions: Preparation of the desired NHC–CuOt-Bu: In an oven-dried vial 
(6 x 1 cm) equipped with a stir bar, imidazolinium tetrafluoroborate salt 1.35 (22 mg, 
0.033 mmol), NaOt-Bu (8.3 mg, 0.086 mmol), and CuCl (3.3 mg, 0.033 mmol) were 
placed and thf (1.0 mL) was added in the glovebox.  After the solution was allowed to stir 
for two hours at 22 °C under a dry N2 atmosphere, it was filtered through a short plug of 
flame-dried Celite and rinsed with 1.0 mL of thf. 
An appropriate portion of the solution of NHC–CuOt-Bu (0.017 mmol in 1.0 mL 
of thf) was placed in a separate oven-dried vial (6 x 1 cm), and the resulting solution was 
                                                
(216) Ito, Y.; Hirao, T.; Saegusa, T. J. Org. Chem. 1978, 43, 1011–1013. 
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charged with B2(pin)2 (5.2) (93 mg ,0.37 mmol).  The vessel was removed from the 
glovebox, placed in a fume hood and allowed to cool to –78 °C.  (E)-Ethyl 3-phenylbut-
2-enoate (5.3) (63 mg, 0.33 mmol) and MeOH (16 uL, 0.40 mmol) were added and the 
mixture was allowed to stir for 24 hours at –78 °C, after which the reaction was quenched 
by the addition of 30% HCl in MeOH (1 mL).  The resulting mixture was subsequently 
allowed to warm to 22 °C, H2O (3 mL) was added, and the solution was neutralized 
through addition of a saturated solution of NaHCO3.  The layers were separated, and the 
aqueous portion was washed with Et2O (5 mL x 3).  The combined organic layers were 
dried over MgSO4 and filtered.  The volatiles were removed in vacuo and the resulting 
light yellow oil was purified by silica gel chromatography (hexanes/Et2O:5/1) to afford 
86 mg (0.27 mmol, 80% yield) of (S)-ethyl 3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)butanoate (5.4), as a colorless oil.  IR (neat): 2977 (m), 1731 (s), 1379 
(m), 1371 (s), 1348 (s), 1314 (s), 1175 (s), 1139 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 
7.36–7.33 (2H, m), 7.29–7.21 (2H, m), 7.15–7.11 (1H, m), 4.17–4.05 (2H, m), 3.04 (1H, 
d, J = 16.0 Hz), 2.54 (1H, d, J = 16.4 Hz), 1.41 (3H, s), 1.25–1.18 (15H, m); 13C NMR 
(100 MHz, CDCl3): δ 173.2, 146.0, 128.3, 126.6, 125.6, 83.7, 60.4, 43.9, 24.7, 24.7, 22.9, 
14.4; HRMS (ESI+) Calcd for C18H28BO4 [M+H]: 319.2081, Found: 319.2088.  Specific 
rotation: [α]D20 –13.6 (c 1.70, CHCl3) for a sample with 96.4:3.6 er.  Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material 
(96.4:3.6 er shown below; chiralpak AD–H column (25 cm x 0.46 cm), 99.8/0.2 
hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
10.54 198114 50.110 10.48 87229 3.566 
11.21 197247 49.890 10.97 2358902 96.434 
 
(S)-Ethyl 3-(2-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (5.5). IR (neat): 2977 (m), 1726 (s), 1463 (m), 1371 (s), 1316 (s), 1143 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.51–7.48 (1H, m), 7.32–7.30 (1H, m), 7.26–7.22 
(1H, m), 7.05–7.00 (1H, m), 3.81 (2H, dq, J = 3.2, 1.6 Hz), 3.34 (1H, dd, J = 14.4, 1.6 
Hz), 2.62 (1H, dd, J = 14.4, 2.2 Hz), 1.57 (3H, s), 1.25 (12H, s), 0.94 (3H, td, J = 7.0, 2.4 
Hz); 13C NMR (100 MHz, CDCl3): δ 172.7, 144.4, 133.7, 129.7, 128.2, 127.8, 125.6, 
84.4, 60.2, 40.7, 25.6, 25.5, 21.7, 14.6; HRMS (ESI+) Calcd for C18H27BO4Br [M+H]: 
397.1186, Found: 397.1196.  Specific rotation: [α]D20 –35.1 (c 2.00, CHCl3) for a sample 
with 95.6:4.4 er.  Enantiomeric purity was determined by HPLC analysis in comparison 
with authentic racemic material (95.6:4.4 er shown below; chiralcel OJ–H column (25 cm 
x 0.46 cm), 99/1 hexanes/i-PrOH, 0.2 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
28.86 3551313 50.004 28.29 45386550 95.571 
35.37 3550787 49.996 35.60 2103485 4.429 
 
(S)-Ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-o-tolylbutanoate (5.6). IR 
(neat): 2977 (m), 1729 (s), 1461 (m), 1371 (s), 1344 (s), 1314 (s), 1142 (s) cm-1; 1H NMR 
(400 MHz, CDCl3): δ 7.25–7.21 (1H, m), 7.14–7.06 (3H, m), 3.86 (2H, q, J = 7.2 Hz), 
2.85 (1H, d, J = 14.4 Hz), 2.69 (1H, d, J = 14.4 Hz), 2.39 (3H, s), 1.57 (3H, s), 1.24 (12H, 
s), 0.99 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 172.9, 143.3, 136.6, 131.6, 
127.0, 126.5, 126.4, 84.4, 60.4, 42.5, 25.5, 25.4, 22.6, 21.9, 14.7; HRMS (ESI+) Calcd for 
C19H30BO4 [M+H]: 333.2237, Found: 333.2236.  Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (52.7:47.3 er shown 
below; chiralcel OJ–H column (25 cm x 0.46 cm), 99/1 hexanes/i-PrOH, 0.2 mL/min, 
220 nm). 
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Retention time Area Area % Retention time Area Area % 
24.57 11976150 50.043 25.26 2580275 52.714 
28.82 11955680 49.957 29.52 2314558 47.286 
 
(S)-Ethyl 3-(naphthalen-2-yl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (5.7). IR (neat): 2978 (m), 1731 (s), 1355 (m), 1335 (s), 1317 (s), 1142 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.79–7.71 (4H, m), 7.57 (1H, dd, J = 6.8, 1.6 Hz), 
7.47–7.39 (2H, m), 4.19–4.10 (2H, m), 3.19 (1H, d, J = 13.2 Hz), 2.65 (1H, d, J = 12.8 
Hz), 1.54 (3H, s), 1.24 (3H, t, J = 5.6 Hz), 1.20 (12H, s); 13C NMR (100 MHz, CDCl3): δ 
173.2, 143.6, 133.7, 131.8, 128.0, 127.6, 127.5, 126.1, 125.8, 125.3, 124.2, 83.8, 60.4, 
43.8, 24.7, 24.7, 22.9, 14.4; HRMS (ESI+) Calcd for C22H30BO4 [M+H]: 369.2237, 
Found: 369.2242.  Specific rotation: [α]D20 –9.19 (c 0.52, CHCl3) for a sample with 
96.6:3.4 er.  Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (96.6:3.4 er shown below; chiralpak AD–H column (25 cm x 
0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
18.46 6861647 49.779 19.03 1608811 3.361 
22.01 6922487 50.221 22.16 46259870 96.639 
 
(E)-Ethyl 3-(3-bromophenyl)but-2-enoate (substrate of 5.8). (Prepared based on a 
previously reported procedure.215) IR (neat): 2979 (w), 1710 (s), 1629 (m), 1591 (w), 
1158 (s), 1041 (m), 869 (m), 784 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.59–7.58 (1H, 
m), 7.47–7.45 (1H, m), 7.38–7.35 (1H, m), 7.24–7.20 (1H, m), 6.09 (1H, s), 4.20 (2H, q, 
J = 7.2 Hz), 2.52 (3H, s), 1.30 (3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 166.6, 
153.9, 144.5, 132.0, 130.1, 129.5, 125.1, 122.8, 118.4, 60.1, 18.0, 14.4; HRMS (ESI+) 
Calcd for C12H14O2Br [M+H]: 269.0177, Found: 269.0170.  
 
(S)-Ethyl 3-(3-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (5.8). IR (neat): 2977 (m), 1730 (s), 1469 (m), 1379 (s), 1370 (s), 1317 (s), 
1166 (s), 1138 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.48 (1H, dd, J = 2.0, 2.0 Hz), 
7.28–7.24 (2H, m), 7.12 (1H, dd, J = 8.0, 8.0 Hz), 4.16–4.04 (2H, m), 2.96 (1H, d, J = 
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16.4 Hz), 2.52 (1H, d, J = 16.4 Hz), 1.37 (3H, s), 1.21 (3H, t, J = 7.2 Hz), 1.19 (6H, s), 
1.18 (6H, s); 13C NMR (100 MHz, CDCl3): δ 172.8, 144.6, 129.9, 129.8, 128.7, 125.4, 
122.6, 83.9, 60.5, 43.8, 24.7, 24.6, 22.8, 14.4; HRMS (ESI+) Calcd for C18H27BO4Br 
[M+H]: 397.1186, Found: 397.1195.  Specific rotation: [α]D20 –12.4 (c 1.98, CHCl3) for a 
sample with 97.3:2.7 er.  Enantiomeric purity was determined by HPLC analysis in 
comparison with authentic racemic material (97.3:2.7 er shown below; chiralcel OD–H 
column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.5 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
13.22 2877322 49.933 13.00 2912691 97.274 
15.82 2884991 50.067 15.49 81622 2.726 
 
(S)-Ethyl 3-(4-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (5.9). IR (neat): 2979 (w), 1801 (s), 1728 (m), 1475 (s), 1449 (s), 1392 (s), 
1372 (s), 1327 (s), 1143 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.39–7.36 (2H, m), 
7.23–7.19 (2H, m), 4.13–4.06 (2H, m), 2.95 (1H, d, J = 16.3 Hz), 2.52 (1H, d, J = 16.3 
Hz), 1.37 (3H, s), 1.21 (3H, t, J = 7.1 Hz), 1.18 (6H, s), 1.17 (6H, s); 13C NMR (100 
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MHz, CDCl3): δ 173.0, 145.2, 131.3, 128.6, 119.5, 83.8, 60.5, 43.9, 24.7, 24.7, 22.7, 
14.4; HRMS (ESI+) Calcd for C18H27BO4Br [M+H]: 397.1186, Found: 397.1186.  
Specific rotation: [α]D20 –11.5 (c 0.650, CHCl3) for a sample with 98.2:1.8 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (98.2:1.8 er shown below; chiralpak AD–H column (25 cm x 0.46 cm), 
99.8/0.2 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
14.11 1528909 50.474 14.10 481915 1.736 
16.06 1500192 49.526 15.53 27277630 98.264 
 
(S)-Ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-[4-
(trifluoromethyl)phenyl] butanoate (5.10). IR (neat): 2980 (w), 2934 (w), 1733 (s), 
1618 (w), 1372 (w), 1325 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.52 (2H, d, J = 8.4 
Hz), 7.45 (2H, d, J = 8.4 Hz), 4.16–4.05 (2H, m), 2.99 (1H, d, J = 16.4 Hz), 2.58 (1H, d, 
J = 16.4 Hz), 1.41 (3H, s), 1.23–1.18 (15H, m); 13C NMR (100 MHz, CDCl3): δ 172.9, 
150.4, 127.0, 127.0, 126.8, 125.2 (q, J = 3.7 Hz), 84.0, 60.6, 43.8, 24.7, 22.9, 14.4, 14.4; 
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HRMS (ESI+) Calcd for C19H27BF3O4 [M+H]: 387.1954, Found: 387.1957.  Specific 
rotation: [α]D20 –10.3 (c 0.460, CHCl3) for a sample with 98.3:1.7 er.  Enantiomeric purity 
was determined by HPLC analysis in comparison with authentic racemic material 
(98.3:1.7 er shown below; chiralpak AD–H column (25 cm x 0.46 cm), 99.8/0.2 
hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
11.51 5873910 49.186 11.21 140278 1.657 
13.41 6068392 50.814 12.68 8327018 98.343 
 
(S)-Ethyl 3-(4-methoxyphenyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanoate (5.11). IR (neat): 2977 (m), 2932 (w), 1730 (s), 1511 (s), 1166 (s), 1140 (s), 
1123 (s), 1031 (s), 847 (s), 829 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.27–7.24 (2H, 
m), 6.83–6.80 (2H, m), 4.14–4.06 (2H, m), 3.76 (3H, s), 3.00 (1H, d, J = 16.4 Hz), 2.51 
(1H, d, J = 16.4 Hz), 1.39 (3H, s), 1.26–1.19 (15H, m); 13C NMR (100 MHz, CDCl3): δ 
173.6, 157.8, 138.3, 127.9, 114.0, 83.9, 60.7, 55.6, 44.5, 25.5, 25.0, 23.2, 14.7; HRMS 
(ESI+) Calcd for C19H30BO5 [M+H]: 349.2186, Found: 349.2187.  Specific rotation: [α]D20 
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–7.80 (c 0.790, CHCl3) for a sample with 95.2:4.8 er.  Enantiomeric purity was 
determined by HPLC analysis in comparison with authentic racemic material (95.2:4.8 er. 
shown below; chiralpak AD–H column (25 cm x 0.46 cm), 99.8/0.2 hexanes/i-PrOH, 0.4 
mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
19.41 3463651 50.844 19.57 1057764 4.833 
21.28 3348650 49.156 21.00 20828970 95.167 
 
(S)-Ethyl 3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanoate (5.12). 
IR (neat): 2976 (m), 2936 (w), 1732 (s), 1372 (s), 1352 (s), 1314 (s), 1143 (s), 1113 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 7.29–7.23 (4H, m), 7.14–7.10 (1H, m), 4.09 (2H, q, 
J = 5.6 Hz), 2.93 (1H, d, J = 12.8 Hz), 2.83 (1H, d, J = 12.8 Hz), 2.04–1.86 (2H, m), 1.22 
(6H, s), 1.21 (3H, t, J = 5.6 Hz), 1.20 (6H, s), 0.64 (3H, t, J = 6.0 Hz); 13C NMR (100 
MHz, CDCl3): δ 173.2, 144.1, 128.2, 127.3, 125.4, 83.6, 60.3, 39.0, 28.2, 24.8, 24.8, 
14.4, 8.5; HRMS (ESI+) Calcd for C19H30BO4 [M+H]: 333.2237, Found: 333.2240.  
Specific rotation: [α]D20 –7.89 (c 0.933, CHCl3) for a sample with 94.5:5.5 er.  
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Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (94.5:5.5 er. shown below; chiralcel OJ–H column (25 cm x 0.46 cm), 
97/3 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
10.28 1842153 50.030 10.29 215356 5.467 
16.04 1839935 49.970 15.96 3723984 94.533 
 
(R)-Ethyl 4-methyl-3-phenylpentanoate (5.14). IR (neat): 2960 (m), 1734 (s), 1454 (w), 
1369 (w), 1255 (m), 1160 (m), 1114 (w), 1033 (w), 756 (w), 701 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 7.34–7.31 (2H, m), 7.26–7.20 (3H, m), 4.02 (2H, q, J = 7.2 Hz), 2.97–
2.92 (1H, m), 2.83 (1H, dd, J = 15.2, 5.6 Hz), 2.64 (1H, dd, J = 15.2, 10.0 Hz), 1.92 (1H, 
dsep, J = 6.8, 6.8 Hz), 1.23 (3H, t, J = 7.2 Hz), 1.02 (3H, d, J = 6.8 Hz), 0.82 (3H, d, J = 
6.8 Hz); 13C NMR (100 MHz, CDCl3): δ 173.0, 143.0, 128.4, 128.2, 126.4, 60.2, 49.1, 
38.8, 33.3, 20.7, 20.5, 14.2; HRMS (ESI+) Calcd for C14H21O2 [M+H]: 221.1541, Found: 
221.1538.  Specific rotation: [α]D20 +11.6 (c 1.13, CHCl3) for a sample with 78.1:21.9 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
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racemic material (78.1:21.9 er shown below; chiralcel OJ–H column (25 cm x 0.46 cm), 
99/1 hexanes/i-PrOH, 0.4 mL/min, 220 nm).  Absolute configuration was assigned by 
analogy to the previous report.217 
 
Retention time Area Area % Retention time Area Area % 
20.21 601196 49.296 20.20 2323906 78.060 
23.79 618366 50.704 23.88 653158 21.940 
 
Ethyl 3-methyl-5-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentanoate 
(5.17). IR (neat): 2977 (m), 1730 (s), 1370 (m), 1348 (s), 1314 (s), 1194 (s), 1166 (s), 
1139 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.27–7.22 (2H, m), 7.16–7.12 (3H, m), 
4.16–4.05 (2H, m), 2.64–2.52 (3H, m), 2.23 (1H, d, J = 16.0 Hz), 1.74–1.64 (1H, m), 
1.60–1.50 (1H, m), 1.27 (6H, s), 1.26 (6H, s), 1.23 (3H, t, J = 7.2 Hz), 1.06 (3H, s); 13C 
NMR (100 MHz, CDCl3): δ 173.2, 143.1, 128.3, 128.3, 125.6, 83.3, 60.1, 43.7, 41.2, 
31.9, 24.9, 24.8, 21.3, 14.3; HRMS (ESI+) Calcd for C20H32BO4 [M+H]: 347.2394, 
                                                
(217) Kanazawa, Y.; Tsuchiya, Y.; Kobayashi, K.; Shiomi, T.; Itoh, J.-i.; Kikuchi, M.; Yamamoto, Y.; 
Nishiyama, H. Chem. Eur. J. 2006, 12, 63–71.  
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Found: 347.2399.  
(R)- 5.17 Specific rotation: [α]D20 +6.30 (c 0.793, CHCl3) for a sample with 95.4:4.6 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (95.4:4.6 er shown below; chiralcel OD–R column (25 cm x 0.46 cm), 
99.8/0.2 hexanes/i-PrOH, 0.6 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
10.99 2378925 48.999 11.18 2309100 95.380 
13.21 2476151 51.001 13.23 111856 4.620 
(S)- 5.17 Specific rotation: [α]D20 –8.80 (c 0.700, CHCl3) for a sample with 91.9:8.1 er.  
Enantiomeric purity was determined by HPLC analysis in comparison with authentic 
racemic material (91.9:8.1 er shown below; chiralcel OD–R column (25 cm x 0.46 cm), 
99.8/0.2 hexanes/i-PrOH, 0.6 mL/min, 220 nm). 
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Retention time Area Area % Retention time Area Area % 
10.99 2378925 48.999 11.17 1037790 8.058 
13.21 2476151 51.001 13.04 11840902 91.942 
 
(S)-Ethyl 3-cyclohexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate 
(5.18). IR (neat): 2977 (w), 2926 (m), 2852 (w), 1732 (s), 1370 (m), 1313 (s), 1305 (s), 
1178 (s), 1141 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 4.15–4.03 (2H, m), 2.56 (1H, d, J 
= 16.0 Hz), 2.16 (1H, d, J = 16.0 Hz), 1.73–1.54 (5H, m), 1.27–1.02 (20H, m), 0.98–0.88 
(4H, m); 13C NMR (100 MHz, CDCl3): δ 174.1, 83.3, 60.1, 45.3, 42.2, 29.7, 27.9, 27.2, 
27.2, 26.9, 25.2, 25.2, 18.0, 14.5; HRMS (ESI+) Calcd for C18H34BO4 [M+H]: 325.2550, 
Found: 325.2562.  Specific rotation: [α]D20 –8.23 (c 1.44, CHCl3) for a sample with 94:6 
er.  Enantiomeric purity was determined by GLC analysis of tertiary alcohol 5.28 after 
oxidation. For GLC trace, see compound 5.28.   
 
(R)-Ethyl 3,5-dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexanoate 
(5.19). IR (neat): 2977 (w), 2955 (w), 1732 (s), 1468 (w), 1370 (s), 1312 (s), 1180 (s), 
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1140 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 4.13–4.01 (2H, m), 2.47 (1H, d, J = 16.0 
Hz), 2.13 (1H, d, J = 16.0 Hz), 1.72–1.59 (1H, m), 1.40–1.32 (1H, m), 1.23–1.15 (16H, 
m), 0.98 (3H, s), 0.88 (3H, d, J = 3.6 Hz), 0.86 (3H, d, J = 3.6 Hz); 13C NMR (100 MHz, 
CDCl3): δ 173.3, 83.3, 60.1, 47.9, 44.3, 25.3, 25.1, 25.1, 24.9, 24.8, 21.8, 14.5; HRMS 
(ESI+) Calcd for C16H32BO4 [M+H]: 299.2394, Found: 299.2394.  Specific rotation: [α]D20 
–2.13 (c 1.17, CHCl3) for a sample with 73.6:26.4 er.  Enantiomeric purity was 
determined by GLC analysis in comparison with authentic racemic material (73.6:26.4 er 
shown below; β–dex chiral column, 30 m x 0.25 mm, 90 ºC, 15 psi). 
 
Retention time Area Area % Retention time Area Area % 
407.523 9.60744e4 49.01492 407.586 5.55206e4 26.40902 
422.408 9.99361e4 50.98508 422.641 1.54713e5 73.59098 
 
(S)-4-Phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (5.21). IR 
(neat): 2979 (m), 2928 (w), 1708 (s), 1373 (s), 1362 (s), 1344 (s), 1313 (s), 1144 (s) cm-1; 
1H NMR (400 MHz, CDCl3): δ 7.36–7.33 (2H, m), 7.29–7.24 (2H, m), 7.15–7.11 (1H, 
m), 3.17 (1H, d, J = 18.0 Hz), 2.74 (1H, d, J = 18.0 Hz), 2.12 (3H, s), 1.33 (3H, s), 1.19 
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(6H, s), 1.17 (6H, s); 13C NMR (100 MHz, CDCl3): δ 207.8, 146.0, 128.0, 126.3, 125.2, 
83.1, 53.8, 30.0, 24.4, 24.3, 22.6; HRMS (ESI+) Calcd for C17H26BO3 [M+H]: 289.1975, 
Found: 289.1982.  Specific rotation: [α]D20 –27.0 (c 1.41, CHCl3) for a sample with 
92.2:7.8 er.  Enantiomeric purity was determined by HPLC analysis in comparison with 
authentic racemic material (92.2:7.8 er shown below; chiralcel OD–H column (25 cm x 
0.46 cm), 99/1 hexanes/i-PrOH, 0.4 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
12.26 1521129 50.679 12.21 676156 7.808 
14.84 1480347 49.321 14.79 7984121 92.191 
 
(S)-1,3-Diphenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-1-one (5.22). 
IR (neat): 2976 (m), 2927 (m), 1684 (s), 1658 (m), 1599 (m), 1579 (w), 1448 (m), 1348 
(s), 1310 (s), 1212 (s), 1144 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 8.00–7.98 (2H, m), 
7.55 (1H, ddt, J = 6.0, 6.0, 1.2 Hz), 7.48–7.44 (4H, m), 7.33–7.30 (2H, m), 7.17 (1H, ddt, 
J = 6.0, 6.0, 1.2 Hz), 3.67 (1H, d, J = 14.8 Hz), 3.36 (1H, d, J = 14.4 Hz), 1.43 (3H, s), 
1.24 (6H, s), 1.20 (6H, s); 13C NMR (100 MHz, CDCl3): δ 199.4, 146.8, 137.3, 133.1, 
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128.6, 128.4, 128.2, 126.8, 125.5, 83.5, 49.8, 29.9, 24.8, 24.8, 23.2; HRMS (ESI+) Calcd 
for C22H28BO3 [M+H]: 351.2131, Found: 351.2119.  Specific rotation: [α]D20 –49.3 
(c 0.77, CHCl3) for a sample with 98.9:1.1 er.  Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (98.9:1.1 er shown below; 
chiracel OD–H column (25 cm x 0.46 cm), 99.9/0.1 hexanes/i-PrOH, 0.6 mL/min, 220 
nm). 
 
Retention time Area Area % Retention time Area Area % 
17.20 131875 51.754 17.81 23093 1.109 
19.11 122934 48.246 19.27 2059647 98.891 
 
(E)-Ethyl 3-phenylbut-2-enethioate (5.23). (Prepared based on a previously reported 
procedure.218) IR (neat): 2967 (w), 2928 (w), 1662 (s), 1601 (s), 1574 (m), 1445 (m), 
1054 (s), 1037 (s), 938 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.49–7.44 (2H, m), 7.38–
7.32 (3H, m), 6.40 (1H, q, J = 1.2 Hz), 2.95 (2H, q, J = 7.2 Hz), 2.56 (3H, q, J = 1.2 Hz), 
1.30 (3H, t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3): δ 189.6, 152.0, 141.8, 129.2, 
                                                
(218) Mazery, R. D.; Pullez, M.; López, F.; Harutyunyan, S. R.; Minnaard, A. J.; Feringa, B. L. J. Am. 
Chem. Soc. 2005, 127, 9966–9967.  
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128.6, 126.5, 123.9, 23.5, 18.8, 14.9; HRMS (ESI+) Calcd for C12H15OS [M+H]: 
207.0844, Found: 207.0842.  
 
(S)-Ethyl 3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanethioate 
(5.24). IR (neat): 2975 (m), 2930 (w), 1686 (s), 1378 (s), 1371 (s), 1349 (s), 1316 (s), 
1144 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.34–7.30 (2H, m), 7.29–7.23 (2H, m), 
7.15–7.11 (1H, m), 3.29 (1H, d, J = 16.4 Hz), 2.92–2.79 (3H, m), 1.37 (3H, s), 1.24–1.18 
(15H, m); 13C NMR (100 MHz, CDCl3): δ 198.9, 145.8, 128.3, 126.5, 125.7, 83.7, 53.7, 
24.7, 24.7, 23.4, 22.4, 15.0; HRMS (ESI+) Calcd for C18H28BO3S [M+H]: 335.1852, 
Found: 335.1837.  Optical rotation: [α]D20 –41.2 (c 0.650, CHCl3) for a sample with 99:1 
er.  Enantiomeric purity was obtained after reduction of 5.24 to the corresponding 
aldehyde (see below).218 
 
(S)-3-Phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanal (aldehyde 
derived from 5.24). IR (neat): 2977 (m), 2929 (w), 2877 (w), 2821 (w), 2720 (w), 1721 
(s), 1371 (s), 1346 (s), 1310 (s), 1226 (m), 1138 (s), 1112 (s), 846 (s), 699 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 9.73 (1H, s), 7.28–7.18 (4H, m), 7.09 (1H, t, J = 7.0 Hz), 
3.06 (1H, d, J = 18.0 Hz), 2.73 (1H, d, J = 18.0 Hz), 1.39 (3H, s), 1.20 (6H, s), 1.17 (6H, 
s); 13C NMR (100 MHz, CDCl3): δ 202.4, 145.6, 128.5, 126.6, 125.8, 83.9, 54.0, 24.7, 
24.7, 22.8; HRMS (ESI+) Calcd for C16H24BO3 [M+H]: 275.1818, Found: 275.1820.  
Specific rotation: [α]D20 –31.4 (c 1.00, CHCl3) for a sample with 99:1 er.  Enantiomeric 
purity was determined by HPLC analysis in comparison with authentic racemic material 
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(99:1 er shown below; chiralpak AS–H column (25 cm x 0.46 cm), 95/5 hexanes/i-PrOH, 
0.5 mL/min, 220 nm). 
 
Retention time Area Area % Retention time Area Area % 
8.40 2597758 49.846 8.40 7461 1.055 
8.99 2613846 50.154 8.99 700003 98.945 
 
(E)-Ethyl 3-methyl-5-phenylpent-2-enethioate (substrate of 5.25). (Prepared based on a 
previously reported procedure.218) IR (neat): 3026 (w), 2969 (w), 2928 (w), 2861 (w), 
1667 (s), 1621 (s), 1495 (w), 1453 (m), 1375 (w), 1265 (w), 1084 (s), 1065 (s), 1000 (s), 
971 (s), 824 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.31–7.23 (4H, m), 7.21–7.17 (1H, 
m), 6.00 (1H, s), 2.95–2.87 (4H, m), 2.80–2.76 (2H, m), 1.84 (3H, d, J = 1.2 Hz), 1.29 
(3H, t, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3): δ 188.8, 156.5, 141.6, 128.5, 128.4, 
126.0, 123.8, 36.5, 34.6, 25.4, 23.2, 15.0; HRMS (ESI+) Calcd for C14H19OS [M+H]: 
235.1157, Found: 235.1158.  
 
(R)-Ethyl 3-methyl-5-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
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yl)pentanethioate (5.25). IR (neat): 3026 (w), 2975 (m), 2929 (m), 2870 (w), 1685 (s), 
1455 (m), 1407 (s), 1386 (s), 1370 (s), 1314 (s), 1217 (m), 1143 (s), 1009 (s), 853 (s) cm-
1; 1H NMR (400 MHz, CDCl3): δ 7.28–7.23 (2H, m), 7.17–7.13 (3H, m), 2.92–2.79 (3H, 
m), 2.65–2.52 (3H, m), 1.75–1.66 (1H, m), 1.58–1.50 (1H, m), 1.29 (6H, s), 1.27 (6H, s), 
1.23 (3H, t, J = 7.4 Hz), 1.06 (3H, s); 13C NMR (100 MHz, CDCl3): δ 199.0, 143.2, 
128.5, 128.4, 125.8, 83.5, 53.5, 41.2, 32.0, 25.0, 25.0, 23.4, 21.2, 15.0; HRMS (ESI+) 
Calcd for C20H32BO3S [M+H]: 363.2165, Found: 363.2170.  Specific rotation: [α]D20 –
0.532 (c 1.88, CHCl3) for a sample with 98:2 er.  Enantiomeric purity was determined by 
HPLC analysis in comparison with authentic racemic material (98.1:1.9 er shown below; 
chiralcel OD–H column (25 cm x 0.46 cm), 99.7/0.3 hexanes/i-PrOH, 0.3 mL/min, 220 
nm). 
 
Retention time Area Area % Retention time Area Area % 
16.60 4437272 49.989 16.79 181472 1.868 
19.28 4439306 50.011 19.45 9535492 98.132 
 
(E)-Ethyl 3-cyclohexylbut-2-enethioate (substrate of 5.26). (prepared based on a 
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previously reported procedure.218) IR (neat): 2925 (s), 2853 (m), 1667 (s), 1616 (s), 1448 
(m), 1371 (w), 1264 (w), 1055 (s), 1030 (s), 971 (m), 840 (s), 829 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 5.88 (1H, s), 2.82 (2H, qdd, J = 7.4, 1.2, 1.2 Hz), 2.07 (3H, s), 1.91–1.86 
(1H, m), 1.74–1.62 (5H, m), 1.27–1.04 (8H, m); 13C NMR (100 MHz, CDCl3): δ 189.8, 
161.7, 121.3, 48.6, 31.3, 26.4, 26.1, 23.2, 18.3, 15.0; HRMS (ESI+) Calcd for C12H21OS 
[M+H]: 213.1313, Found: 213.1315.  
 
(S)-Ethyl 3-cyclohexyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanethioate 
(5.26). IR (neat): 2975 (m), 2926 (s), 2852 (m), 1687 (s), 1494 (m), 1387 (m), 1371 (s), 
1357 (s), 1304 (s), 1143 (s), 1111 (m), 998 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 2.88–
2.74 (3H, m), 2.47 (1H, d, J = 16.0 Hz), 1.73–1.58 (5H, m), 1.25 (6H, s), 1.22 (6H, s), 
1.21–0.94 (9H, m), 0.90 (3H, s); 13C NMR (100 MHz, CDCl3): δ 199.6, 83.3, 52.2, 45.2, 
29.7, 27.9, 27.2, 27.1, 26.9, 25.2, 25.1, 23.4, 17.8, 15.0; HRMS (ESI+) Calcd for 
C18H34BO3S [M+H]: 341.2322, Found: 341.2333.  Specific rotation: [α]D20 –20.0 (c 1.64, 
CHCl3) for a sample with 97.3:2.7 er.  Enantiomeric purity was determined by GLC 
analysis of the corresponding tertiary alcohol after oxidation219 in comparison with 
authentic racemic material (97.3:2.7 er shown below; CDB-DM chiral column, 30 m x 
0.25 mm, 100 ºC, 15 psi). 
                                                
(219) For the procedure of the oxidation of pinacolatoboronate, see: Lee, Y.; Hoveyda, A. H. J. Am. Chem. 
Soc. 2009, 131, 3160–3161.  
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Retention time Area Area % Retention time Area Area % 
340.850 222.66025 50.09671 338.739 8.26433 2.67545 
349.676 221.80058 49.90329 348.817 300.63055 97.32455 
 
(E)-Ethyl 4-cyclohexyl-3-methylbut-2-enethioate (substrate of 5.27). (Prepared based 
on a previously reported procedure.218) IR (neat): 2922 (s), 2850 (m), 1672 (s), 1621 (s), 
1448 (m), 1413 (w), 1383 (w), 1264 (w), 1195 (w), 1130 (w), 1047 (s), 1031 (s), 997 (s), 
844 (s), 806 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 5.85 (1H, d, J = 1.2 Hz), 2.83 (2H, 
q, J = 7.6 Hz), 2.06 (3H, d, J = 1.2 Hz), 1.91 (2H, d, J = 7.2 Hz), 1.67–1.57 (5H, m), 
1.50–1.40 (1H, m), 1.24–1.01 (6H, m), 0.86–0.76 (2H, m); 13C NMR (100 MHz, CDCl3): 
δ 189.3, 155.9, 123.9, 48.9, 35.8, 33.2, 26.3, 26.2, 23.1, 19.8, 14.9; HRMS (ESI+) Calcd 
for C13H23OS [M+H]: 227.1470, Found: 227.1468.  
 
(R)-Ethyl 4-cyclohexyl-3-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)butanethioate (5.27). IR (neat): 2974 (m), 2921 (s), 2850 (m), 1687 (s), 1449 (m), 
1407 (s), 1387 (s), 1371 (s), 1312 (m), 1142 (s), 1007 (s), 969 (m) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.88–2.75 (2H, m), 2.74 (1H, d, J = 16.0 Hz), 2.41 (1H, d, J = 15.6 Hz), 
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1.72–1.55 (5H, m), 1.38–1.03 (21H, m), 0.99–0.84 (5H, m); 13C NMR (100 MHz, 
CDCl3): δ 199.0, 83.4, 54.3, 46.6, 35.5, 35.3, 34.9, 26.6, 26.6, 26.4, 25.2, 25.0, 23.4, 21.6, 
15.0; HRMS (ESI+) Calcd for C19H36BO3S [M+H]: 355.2478, Found: 355.2482.  Specific 
rotation: [α]D20 –19.2 (c 1.50, CHCl3) for a sample with 90.4:9.6 er.  Enantiomeric purity 
was determined by GLC analysis in comparison with authentic racemic material (90.4:9.6 
er shown below; CDB-DM chiral column, 30 m x 0.25 mm, 116 ºC, 15 psi). 
 
Retention time Area Area % Retention time Area Area % 
846.988 374.75031 51.10433 848.190 53.75016 9.64833 
856.565 358.55414 48.89567 856.193 503.34277 90.35167 
 
 (R)-Ethyl 3-cyclohexyl-3-hydroxybutanoate (5.28). IR (neat): 2979 (w), 2927 (s), 2865 
(m), 1715 (s), 1451 (w), 1371 (m), 1328 (m), 1194 (s) cm-1; 1H NMR (400 MHz, CDCl3): 
δ 4.22–4.08 (2H, m), 3.51 (1H, s), 2.51 (1H, d, J = 15.2 Hz), 2.38 (1H, d, J = 15.2 Hz), 
1.89–1.63 (5H, m), 1.37 (1H, tt, J = 12.0, 2.8 Hz), 1.30–0.81 (11H, m); 13C NMR (100 
MHz, CDCl3): δ 173.7, 73.2, 60.7, 48.1, 43.1, 28.0, 27.1, 26.8, 26.8, 26.7, 23.9, 14.4; 
HRMS (ESI+) Calcd for C12H21O2 [M–OH]: 197.1541, Found: 197.1536.  Specific 
rotation: [α]D20 –7.34 (c 0.673, CHCl3) for a sample with 94:6 er.  Enantiomeric purity 
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was determined by GLC analysis in comparison with authentic racemic material (94:6 er 
shown below; β–dex chiral column (30 m x 0.25 mm, 95 ºC, 12 psi). 
 
Retention time Area Area % Retention time Area Area % 
469.257 2.85053e5 51.34681 471.557 2273.87402 5.99228 
481.950 2.70099e5 48.65319 482.166 3.56728e4 94.00772 
 
  Representative procedure for NHC-catalyzed boron conjugate addition: An oven-
dried vial (6x1 cm) equipped with a stir bar was charged with carbene solution (0.0083 
mmol, 2 mL), which was prepared from ICyBF4 (5.34) (11 mg, 0.033 mmol), NaOt-Bu 
(3.2 mg, 0.033 mmol), and thf (8 mL) with stirring for 2 h at 22 °C under a dry N2 
atmosphere.  Bis(pinacolato)diboron (5.2) (93 mg, 0.36 mmol) and 2-cyclohexenone (32 
mg, 0.33 mmol) (5.29) were added to the vial.  The vial was sealed with a cap before 
removal from the glove box.  After 1 h at 22 °C, the reaction was quenched by the 
addition of H2O (3 mL) and the mixture was allowed to stir for 15 min.  The aqueous 
layer was washed with EtOAc (20 mL x 3).  The combined organic fractions were dried 
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over Na2SO4 and filtered.  The volatiles were removed in vacuo and the resulting light 
yellow oil was purified by silica gel chromatography (hexanes/Et2O:5/1) to afford 68 mg 
(0.30 mmol, 91% yield) of 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone 
5.30 as a colorless oil.  1H NMR (400 MHz, CDCl3): δ 2.37-2.22 (4H, m), 2.08-2.00 (1H, 
m), 1.87-1.81 (1H, m), 1.77-1.66 (1H, m), 1.64-1.54 (1H, m), 1.46-1.38 (1H, m), 1.20 
(12H, s).  The spectroscopic data match those reported previously.220 
 
3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (5.39)  
IR (neat): 2977 (m), 2930 (m), 1740 (s), 1383 (s), 1323 (s), 1142 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.33-2.20 (2H, m), 2.19-2.07 (3H, m), 1.90-1.81 (1H, m), 1.68-1.59 (1H, 
m), 1.25 (12H, s); 13C NMR (100 MHz, CDCl3): δ 221.2, 83.7, 40.3, 39.1, 30.5, 25.4, 
24.9; HRMS (ESI+) Calcd for C11H20BO3 [M+H]: 211.1505, Found: 211.1500. 
 
3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cycloheptanone (5.40)  
1H NMR (400 MHz, CDCl3): δ 2.55-2.43 (4H, m), 1.96-1.86 (2H, m), 1.84-1.76 (1H, m), 
1.65-1.53 (2H, m), 1.51-1.39 (2H, m), 1.22 (12H, s). The spectroscopic data match those 
reported previously.221 
 
3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cyclooctanone (5.41)  
                                                
(220) Kabalka, G. W.; Das, B. C.; Das, S. Tetrahedron Lett. 2002, 43, 2323–2325. 
(221) Ali, H. A.; Goldberg, I.; Srebnik, M. Organometallics. 2001, 20, 3962–3965. 
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IR (neat): 2977 (m), 2930 (m), 1699 (s), 1378 (s), 1321 (s), 1143 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.56-2.35 (3H, m), 2.30-2.24 (1H, m), 1.89-1.81 (2H, m), 1.75-1.62 (3H, 
m), 1.48-1.31 (4H, m), 1.23 (12H, s); 13C NMR (100 MHz, CDCl3): δ 219.0, 83.5, 43.0, 
41.9, 28.8, 27.2, 26.2, 25.7, 24.9, 24.8; HRMS (ESI+) Calcd for C14H26BO3 [M+H]: 
253.1975, Found: 253.1982. 
 
3,3-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (5.42)  
IR (neat): 2978 (m), 2930 (m), 1742 (s), 1372 (s), 1279 (s), 1123 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.43-2.29 (2H, m), 2.08 (2H, dd, J = 25.2, 17.6 Hz), 1.49 (1H, dd, J = 
11.2, 9.6 Hz), 1.26 (3H, s), 1.25 (12H, s), 1.02 (3H, s); 13C NMR (100 MHz, CDCl3): δ 
220.8, 83.6, 55.5, 39.8, 39.0, 29.6, 25.5, 25.2, 25.0; HRMS (ES+) Calcd for C13H23BO3Na 
[M+Na]: 261.1638, Found: 261.1648.  
 
4,4-Dimethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (5.43)  
IR (neat): 2976 (m), 2955 (m), 1712 (s), 1370 (s), 1320 (s), 1141 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.38-2.30 (2H, m), 2.20-2.13 (2H, m), 1.71-1.65 (1H, m), 1.61-1.52 (1H, 
m), 1.27 (1H, dd, J = 12.4, 4.4 Hz), 1.14 (12H, s), 1.06 (3H, s), 1.01 (3H, s); 13C NMR 
(100 MHz, CDCl3): δ 212.9, 83.5, 42.3, 39.4, 38.3, 31.7, 30.4, 25.0, 24.9, 23.5; HRMS 
(ESI+) Calcd for C14H26BO3 [M+H]: 253.1975, Found: 253.1976. 
 
4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)tetrahydro-2H-pyran-2-one (5.44)  
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IR (neat): 2977 (m), 2924 (m), 1736 (s), 1381 (s), 1373 (s), 1327 (S), 1140 (s), 1073 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 4.41-4.35 (1H, m), 4.29 (1H, ddd, J = 11.2, 8.8, 4.4 
Hz), 2.63 (1H, dd, J = 17.6, 6.8 Hz), 2.51 (1H, dd, J = 17.6, 10.0 Hz), 1.98-1.90 (1H, m), 
1.86-1.77 (1H, m), 1.59-1.51 (1H, m), 1.25 (12H, s); 13C NMR (100 MHz, CDCl3): δ 
171.6, 84.1, 70.0, 31.1, 25.2, 24.9, 24.1; HRMS (ESI+) Calcd for C11H20BO4 [M+H]: 
227.1455, Found: 227.1460.  
 
2-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (5.45)  
IR (neat): 2978 (m), 2928 (m), 1739 (s), 1379 (s), 1372 (s), 1279 (s) 1124 (s) cm-1; 1H 
NMR (400 MHz, CDCl3, the spectra are reported as observed for both diastereomers 
(dr=1.58:1).): δ 2.37-1.68 (9.8H, m), 1.26 (19.6H, s), 1.09 (1.9H, d, J = 6.8 Hz, minor 
diastereomer), 1.08 (3H, d, J = 7.2 Hz, major diastereomer); 13C NMR (100 MHz, CDCl3, 
the spectra are reported as observed for both diastereomers.): δ 186.8, 83.7, 83.6, 46.8, 
45.4, 38.3, 37.5, 30.5, 29.9, 25.2, 25.0, 22.9, 22.7, 14.2, 13.4; HRMS (ESI+) Calcd for 
C12H22BO3 [M+H]: 225.1662, Found: 225.1657. 
 
1-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexyl)ethanone (5.46)  
IR (neat): 2977 (m), 2928 (m), 1704 (s), 1371 (s), 1309 (s), 1145 (s), 1123 (s) cm-1; 1H 
NMR (400 MHz, CDCl3, the spectra are reported as observed for both diastereomers 
(dr=7.14:1).): δ 2.46 (1H, dt, J = 7.6, 4.4 Hz), 2.31 (0.14H, dt, J = 11.2, 3.6 Hz), 2.02 
(0.42H, s, minor diastereomer), 2.02 (3H, s, major diastereomer), 1.79-1.68 (2.28H, m), 
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1.60-1.54 (1.14H, m), 1.46-1.25 (6.84H, m), 1.11 (13.68H, d, J = 3.2 Hz); 13C NMR (100 
MHz, CDCl3, the spectra are reported as observed for both diastereomers.): δ 211.8, 83.6, 
82.8, 53.0, 52.3, 30.0, 28.0, 27.6, 27.6, 26.8, 26.7, 26.5, 25.9, 25.4, 25.3, 25.2, 24.9, 24.9, 
24.7; HRMS (ESI+) Calcd for C14H26BO3 [M+H]: 253.1975, Found: 253.1975. 
 
3-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (5.47)  
IR (neat): 2977 (m), 2931 (m), 1708 (s), 1370 (s), 1278 (s), 1123 (s) cm-1; 1H NMR (400 
MHz, CDCl3, the spectra are reported as observed for both diastereomers (dr=2.52:1).): δ 
2.54 (1.4H, dq, J = 14.4, 7.2 Hz), 2.09 (1.2H, s, minor diastereomer), 2.07 (3H, s, major 
diastereomer), 1.21-1.75 (18.2H, m), 1.09 (3H, d, J = 7.2 Hz), 1.08 (1.2H, d, J = 7.2 Hz), 
0.87 (3H, d, J = 7.2 Hz), 0.85 (1.2H, d, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3, the 
spectra are reported as observed for both diastereomers.): δ 213.1, 83.6, 83.2, 50.1, 49.9, 
28.2, 28.1, 25.2, 24.9, 24.8, 15.7, 14.9, 13.1, 12.3; HRMS (ESI+) Calcd for C12H24BO3 
[M+H]: 227.1818, Found: 227.1820.  
 
(R,E)-5-cyclohexylhex-3-en-2-one (starting material for synthesis of 5.48) 
The desired material was prepared through reaction of (S)-but-3-en-2-ylcyclohexane 
(95% ee shown below; β-dex chiral column, 60 °C, 15 psi)222 with methylvinyl ketone by 
                                                
(222) Van Veldhuizen, J. J.; Campbell, J. E.; Giudici, R. E.; Hoveyda, A. H. J. Am. Chem. Soc. 2005, 127, 
6877–6882. 
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a previously reported procedure.223; 1H NMR (400 MHz, CDCl3): δ 6.71 (1H, dd, J = 
16.0, 8.4 Hz), 6.01 (1H, d, J = 16.0 Hz), 2.24 (3H, s), 2.19-2.08 (1H, m), 1.74-1.63 (5H, 
m), 1.32-1.05 (4H, m), 1.03 (3H, d, J = 6.8 Hz), 1.00-0.88 (2H, m). The spectroscopic 
data match those reported previously.224  
 
 
(5S)-5-cyclohexyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexan-2-one (5.48)  
IR (neat): 2974 (m), 2922 (m), 2851 (m), 1715 (s), 1370 (s), 1312 (s), 1143 (s) cm-1; 1H 
NMR (400 MHz, CDCl3, the spectrum is reported as observed for both diastereomers.): δ 
2.62 (0.14H, dd, J = 18.0, 10.8 Hz), 2.56 (1H, dd, J = 18.0, 11.2 Hz), 2.54-2.52 (0.14H, 
peaks obscured), 2.45 (1H, dd, J = 18.0, 4.4 Hz), 1.79-1.57 (6.84H, m), 1.50-1.38 (3.42H, 
m), 1.33-0.99 (17.1H, m), 0.89-0.81 (4.56H, m); 13C NMR (100 MHz, CDCl3, the 
spectrum is reported as observed for both diastereomers.): δ 209.8, 83.6, 83.1, 45.1, 42.3, 
41.8, 41.2, 39.5, 38.5, 34.4, 31.9, 30.5, 30.0, 29.8, 29.0, 28.3, 27.1, 26.8, 25.2, 25.1, 25.0, 
24.8, 23.0, 21.3, 15.4, 15.1; HRMS (ESI+) Calcd for C18H34BO3 [M+H]: 309.2601, 
Found: 309.2602. 
                                                
(223) Van Zijl, A. W.; Szymanski, W.; Lopez, F. Minnaard, A. J. Feringa, B. L. J. Org. Chem. 2008, 73, 
6994–7002. 
(224) Snider, B. B.; Deutsch, E. A. J. Org. Chem. 1983, 48, 1822–1829. 
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Ethyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butanoate (5.50)  
1H NMR (400 MHz, CDCl3): δ 4.11 (2H, q, J = 7.2 Hz), 2.43 (1H, dd, J = 16.4, 7.6 Hz), 
2.35 (1H, dd, J = 16.4, 6.8 Hz), 1.40-1.85 (16H, m), 1.00 (3H, d, J = 7.6 Hz). The 
spectroscopic data match those reported previously.4 
 
3-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (5.52) 
1H NMR (400 MHz, CDCl3): δ 2.48 (1H, dt, J = 14.0, 1.6 Hz), 2.32-2.15 (2H, m), 2.01-
1.90 (3H, m), 1.82-1.71 (1H, m), 1.43-1.35 (1H, m), 1.19 (12H, s), 1.01 (3H, s). The 
spectroscopic data match those reported previously.225 
 
3-Methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopentanone (5.53)  
IR (neat): 2978 (m), 1740 (s), 1371 (s), 1279 (s), 1122 (s) cm-1; 1H NMR (400 MHz, 
CDCl3): δ 2.41 (1H, d, J = 18.4 Hz), 2.31-2.10 (3H, m), 1.86 (1H, d, J = 18.0 Hz), 1.67-
1.59 (1H, m), 1.25 (6H, s), 1.22 (6H, s), 1.11 (3H, s); 13C NMR (100 MHz, CDCl3): δ 
186.8, 83.6, 49.1, 37.2, 33.0, 25.2, 24.8, 23.0; HRMS (ESI+) Calcd for C12H22BO3 [M+H]: 
225.1662, Found: 225.1670. 
                                                
(225) Mun, S.; Lee, J-E.; Yun, J. Org. Lett. 2006, 8, 4887–4889. 
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3,3,5-Trimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclohexanone (5.54)  
IR (neat): 2977 (m), 2953 (m), 1715 (s), 1380 (s), 1316 (s), 1142 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.59 (1H, dt, J = 13.6, 1.6 Hz), 2.11 (1H, d, J = 13.2 Hz), 2.01 (1H, dt, J 
= 13.2, 2.0 Hz), 1.93 (1H, dt, J = 13.6, 2.0 Hz), 1.78 (1H, d, J = 13.6 Hz), 1.32 (1H, d, J 
= 13.2 Hz), 1.18 (12H, d, J = 2.4 Hz), 1.05 (3H, s), 1.01 (3H, s), 0.86 (3H, s); 13C NMR 
(100 MHz, CDCl3): δ 212.1, 83.7, 54.7, 50.0, 48.9, 36.0, 32.2, 28.1, 27.7, 24.9, 24.7; 




 IR (neat): 2977 (m), 2927 (m), 1739 (s), 1382 (s), 1372 (s), 1323 (S), 1143 (s), 1125 (s) 
cm-1; 1H NMR (400 MHz, CDCl3): δ 4.37 (1H, dt, J = 11.6, 4.8 Hz), 4.26 (1H, ddd, J = 
11.6, 10.0, 4.0 Hz), 2.72 (1H, dd, J = 17.2, 1.2 Hz), 2.09 (1H, d, J = 17.2 Hz), 2.00 (1H, 
dtd, J = 14.0, 4.4, 1.2 Hz), 1.56-1.49 (1H, m), 1.22 (12H, s), 1.07 (3H, s); 13C NMR (100 
MHz, CDCl3): δ 186.8, 84.2, 68.0, 39.8, 32.4, 25.2, 24.8, 24.4; HRMS (ESI+) Calcd for 
C12H22BO4 [M+H]: 241.1611, Found: 241.1618.  
 
4-Methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentan-2-one (5.56)  
IR (neat): 2976 (m), 2936 (m), 1714 (s), 1357 (s), 1305 (s), 1136 (s) cm-1; 1H NMR (400 
MHz, CDCl3): δ 2.48 (2H, s), 2.07 (3H, s), 1.23 (12H, s), 0.91 (6H, s); 13C NMR (100 
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MHz, CDCl3): δ 208.7, 83.1, 55.6, 30.2, 25.2, 24.8; HRMS (ESI+) Calcd for C12H24BO3 
[M+H]: 227.1818, Found: 227.1826. 
 
Bicyclic β-boroketone (5.57) 
IR (neat): 2975 (m), 2932 (m), 1735 (s), 1717 (s), 1372 (s), 1322 (s), 1133 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 2.52-2.25 (4H, m), δ 2.21-2.07 (4H, m), δ 1.82-1.75 (1H, m), 
δ 1.70-1.63 (1H, m), 1.21 (6H, s), 1.20 (6H, s), 1.12 (3H, s); 13C NMR (100 MHz, 
CDCl3): δ 211.1, 84.2, 67.0, 50.5, 44.6, 37.9, 33.3, 31.4, 26.7, 24.9, 24.9, 20.3; HRMS 
(ESI+) Calcd for C16H26BO4 [M+H]: 293.1924, Found: 293.1925; Optical rotation: [α]D20 
+32.9 (c = 0.325, CHCl3). 
 
 Synthesis of 3-hydroxy-3-methylcyclohexanone  
To a solution of 5.52 (0.29 mmol, 70 mg) in thf (2 mL) and water (2 mL) was added 
sodium perborate (2.7x102 mg, 1.5 mmol, 5 equiv.).  The mixture was allowed to stir 
vigorously at 22 °C for 2 h, after which it was washed with EtOAc (30 mL x 3).  The 
combined organic layers were washed with brine (10 mL), dried over MgSO4, 
concentrated in vacuo, and purified by silica gel chromatography to afford 35 mg (92 % 
yield, 0.27 mmol) of 3-hydroxy-3-methylcyclohexanone;  1H NMR (400 MHz, CDCl3): δ 
2.39-2.25 (3H, m), 2.21-2.13 (1H, m), 2.03-1.93 (1H, m), 1.79-1.65 (3H, m), 1.25 (3H, 
s). The spectroscopic data match those reported previously.226 
                                                
(226) Senda, Y.; Kikuchi, N.; Inui, A.; Itoh, H. Bull. Chem. Soc. Jpn. 2000, 73, 237–242. 
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  Representative procedure of tandem boronate conjugate addition/aldol reaction  
An oven-dried vial (6x1 cm) equipped with a stir bar was charged with carbene solution 
(0.0083 mmol, 2 mL), which was prepared from ICyBF4 (11 mg, 0.033 mmol), NaOt-Bu 
(3.2 mg, 0.033 mmol), and thf (8 mL) with stirring for 2 h at 22 °C under a dry N2 
atmosphere.  Bis(pinacolato)diboron (5.2) (93 mg, 0.36 mmol) and 2-cyclohexenone 
(5.29) (32 mg, 0.33 mmol) were added to the vial.  The mixture was allowed to stir for 1 
h at 22 °C, after which benzaldehyde (42 mg, 0.40 mmol) was added.  The vial was 
sealed with a cap before removal from the glove box.  After 3 h at 22 °C, the reaction was 
quenched by the addition of H2O (3 mL) and allowed to stir for 15 min.  The organic 
layer was washed with EtOAc (20 mL x 3), dried over Na2SO4, and filtered.  The 
volatiles were removed in vacuo and the resulting light yellow oil was purified by silica 
gel chromatography (hexanes/Et2O:5/1) to afford 94 mg (0.28 mmol, 85% yield) of 5.59 
as a white solid.  IR (neat): 3517 (w), 2977 (m), 2930 (m), 1698 (s), 1382 (s), 1372 (s), 
1326 (s), 1141 (s), 1125 (s) cm-1; 1H NMR (400 MHz, CDCl3): δ 7.25-7.15 (5H, m), 5.08 
(1H, d, J = 9.2 Hz), 3.91 (1H, bs), 2.58 (1H, dd, J = 8.4, 6.8 Hz), 2.40-2.35 (1H, m), 2.26-
2.18 (1H, m), 1.93-1.88 (1H, m), 1.82-1.77 (1H, m), 1.73-1.59 (2H, m), 1.24-1.15 (13H, 
m); 13C NMR (100 MHz, CDCl3): δ 214.4, 141.2, 128.4, 127.9, 127.2, 83.8, 73.5, 59.6, 
42.6, 27.9, 26.4, 25.2, 25.1; HRMS (ES+) Calcd for C19H27BO4Na [M+ Na]: 353.1900, 
Found: 353.1891.  
                                                
 
- 462 - 
 
Product of tandem boronate conjugate addition/aldol reaction with p-
chlorobenzaldehyde 
IR (neat): 3492 (w), 2977 (m), 2932 (m), 1698 (s), 1381 (s), 1326 (s), 1140 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.35-7.23 (4H, m), 5.12 (1H, d, J = 9.2 Hz), 3.99 (1H, bs), 
2.60 (1H, dd, J = 9.2, 6.0 Hz), 2.45-2.42 (1H, m), 2.32-2.23 (1H, m), 2.00-1.95 (1H, m), 
1.90-1.87 (1H, m), 1.81-1.65 (2H, m), 1.29-1.14 (13H, m); 13C NMR (100 MHz, CDCl3): 
δ 214.3, 139.8, 133.6, 128.6, 83.8, 72.8, 59.5, 42.5, 27.7, 26.2, 25.2, 25.0; HRMS (ESI+) 
Calcd for C19H27BClO4 [M+ H]: 365.1691, Found: 365.1696.  
 
Product of tandem boronate conjugate addition/aldol reaction with p-
bromobenzaldehyde 
IR (neat): 3518 (w), 2977 (m), 2932 (m), 1698 (s), 1382 (s), 1326 (s), 1141 (s) cm-1; 1H 
NMR (400 MHz, CDCl3): δ 7.43 (2H, d, J = 8.8 Hz), 7.20 (2H, d, J = 8.4 Hz), 5.11 (1H, 
d, J = 8.8 Hz), 3.97 (1H, bs), 2.59 (1H, dd, J = 8.8, 6.4 Hz), 2.46-2.42 (1H, m), 2.32-2.23 
(1H, m), 2.00-1.95 (1H, m), 1.90-1.84 (1H, m), 1.81-1.65 (2H, m), 1.26-1.22 (13H, m); 
13C NMR (100 MHz, CDCl3): δ 214.3, 140.3, 131.6, 129.0, 121.7, 83.8, 72.9, 59.5, 42.5, 
27.7, 26.3, 25.0; HRMS (ESI+) Calcd for C19H27BBrO4 [M+ H]: 409.1186, Found: 
409.1189. 
 
  X-ray Crystallography 
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  Crystal data of (S)-Ethyl 3-(naphthalen-2-yl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)butanoate (5.7) 
 
Table 1. Crystal data and structure refinement for C22H29BO4. 
Identification code  C22H29BO4 
Empirical formula  C22 H29 B O4 
Formula weight  369.27 
Temperature  100(2) K 
Wavelength  1.54178 ≈ 
Crystal system  Triclinic 
Space group  P 1 
Unit cell dimensions a = 6.2174(3) ≈ a= 68.885(2)∞ 
 b = 9.1621(5) ≈ b= 72.9090(10)∞ 
 c = 10.3772(6) ≈ g = 71.408(2)∞ 
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Volume 511.84(5) ≈3 
Z 1 
Density (calculated) 1.198 Mg/m3 
Absorption coefficient 0.636 mm-1 
F(000) 199 
Crystal size 0.29 x 0.28 x 0.20 mm3 
Theta range for data collection 4.66 to 67.01∞ 
Index ranges -7<=h<=7, -10<=k<=10, -12<=l<=12 
Reflections collected 9561 
Independent reflections 3198 [R(int) = 0.0212] 
Completeness to theta = 67.01∞ 93.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8807 and 0.8371 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3198 / 3 / 251 
Goodness-of-fit on F2 1.169 
Final R indices [I>2sigma(I)] R1 = 0.0361, wR2 = 0.0857 
R indices (all data) R1 = 0.0361, wR2 = 0.0857 
Absolute structure parameter 0.08(13) 
Extinction coefficient 0.102(4) 
Largest diff. peak and hole 0.216 and -0.276 e.≈-3 
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Table 2. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(≈2x103) for C22H29BO4.  U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
_______________________________________________________________________ 
 x y z U(eq) 
_______________________________________________________________________ 
B(1) 8984(3) 8341(2) 7458(2) 21(1) 
O(1) 10395(2) 6868(1) 7930(1) 24(1) 
O(2) 7601(2) 8361(1) 6635(1) 25(1) 
O(3) 3749(2) 10751(1) 10344(1) 34(1) 
O(4) 5724(2) 8372(1) 9973(1) 28(1) 
C(1) 9003(2) 9946(2) 7706(1) 20(1) 
C(2) 10052(2) 11011(2) 6288(1) 20(1) 
C(3) 12502(2) 10645(2) 5802(2) 24(1) 
C(4) 13536(2) 11573(2) 4559(2) 28(1) 
C(5) 12210(3) 12929(2) 3688(2) 26(1) 
C(6) 13215(3) 13908(2) 2383(2) 33(1) 
C(7) 11840(3) 15178(2) 1565(2) 35(1) 
C(8) 9408(3) 15523(2) 2013(2) 31(1) 
C(9) 8393(3) 14611(2) 3272(2) 26(1) 
C(10) 9761(2) 13283(2) 4143(1) 22(1) 
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C(11) 8749(2) 12309(2) 5446(1) 21(1) 
C(12) 9601(2) 5709(2) 7609(2) 25(1) 
C(13) 8410(2) 6809(2) 6352(2) 24(1) 
C(14) 7913(3) 5031(2) 8935(2) 34(1) 
C(15) 11647(3) 4372(2) 7290(2) 34(1) 
C(16) 6348(3) 6322(2) 6277(2) 31(1) 
C(17) 10101(3) 7031(2) 4932(2) 34(1) 
C(18) 6489(2) 10815(2) 8224(2) 21(1) 
C(19) 5337(2) 9822(2) 9604(2) 22(1) 
C(20) 2435(3) 9945(2) 11681(2) 41(1) 
C(21) 121(3) 11064(2) 11941(2) 39(1) 
C(22) 10439(2) 9599(2) 8818(2) 25(1) 
_______________________________________________________________________ 
 
Table 3. Bond lengths [≈] and angles [∞] for C22H29BO4. 
_____________________________________________________  
B(1)-O(1)  1.361(2) 
B(1)-O(2)  1.3711(19) 
B(1)-C(1)  1.585(2) 
O(1)-C(12)  1.4720(17) 
O(2)-C(13)  1.456(2) 
O(3)-C(19)  1.3329(19) 
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O(3)-C(20)  1.456(2) 
O(4)-C(19)  1.2063(19) 
C(1)-C(2)  1.5334(19) 
C(1)-C(18)  1.5444(19) 
C(1)-C(22)  1.5464(18) 
C(2)-C(11)  1.374(2) 
C(2)-C(3)  1.425(2) 
C(3)-C(4)  1.368(2) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.420(2) 
C(4)-H(4)  0.9500 
C(5)-C(6)  1.419(2) 
C(5)-C(10)  1.421(2) 
C(6)-C(7)  1.373(3) 
C(6)-H(6)  0.9500 
C(7)-C(8)  1.411(2) 
C(7)-H(7)  0.9500 
C(8)-C(9)  1.368(2) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.421(2) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.4172(19) 
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C(11)-H(11)  0.9500 
C(12)-C(15)  1.510(2) 
C(12)-C(14)  1.527(2) 
C(12)-C(13)  1.553(2) 
C(13)-C(16)  1.515(2) 
C(13)-C(17)  1.525(2) 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-H(15A)  0.9800 
C(15)-H(15B)  0.9800 
C(15)-H(15C)  0.9800 
C(16)-H(16A)  0.9800 
C(16)-H(16B)  0.9800 
C(16)-H(16C)  0.9800 
C(17)-H(17A)  0.9800 
C(17)-H(17B)  0.9800 
C(17)-H(17C)  0.9800 
C(18)-C(19)  1.505(2) 
C(18)-H(18A)  0.9900 
C(18)-H(18B)  0.9900 
C(20)-C(21)  1.491(3) 
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C(20)-H(20A)  0.9900 
C(20)-H(20B)  0.9900 
C(21)-H(21A)  0.9800 
C(21)-H(21B)  0.9800 
C(21)-H(21C)  0.9800 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
















































































































Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (≈2x103) for C22H29BO4.  The anisotropic 
displacement factor exponent takes the form: -2p2[h2a*2U11+...+2hka*b*U12] 
_______________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
_______________________________________________________________________ 
B(1)17(1)  22(1) 22(1)  -7(1) -1(1)  -4(1) 
O(1)23(1)  18(1) 33(1)  -9(1) -10(1)  -3(1) 
O(2)23(1)  18(1) 37(1)  -12(1) -12(1)  -1(1) 
O(3)41(1)  25(1) 27(1)  -10(1) 4(1)  -5(1) 
O(4)27(1)  23(1) 32(1)  -8(1) -1(1)  -5(1) 
C(1)19(1)  20(1) 25(1)  -7(1) -7(1)  -3(1) 
C(2)21(1)  19(1) 26(1)  -12(1) -6(1)  -4(1) 
C(3)22(1)  21(1) 30(1)  -10(1) -8(1)  -1(1) 
C(4)18(1)  32(1) 33(1)  -13(1) -2(1)  -4(1) 
C(5)25(1)  26(1) 27(1)  -10(1) -3(1)  -8(1) 
C(6)27(1)  36(1) 34(1)  -10(1) -1(1)  -9(1) 
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C(7)39(1)  34(1) 27(1)  -2(1) -1(1)  -14(1) 
C(8)39(1)  25(1) 27(1)  -5(1) -11(1)  -5(1) 
C(9)27(1)  25(1) 27(1)  -11(1) -6(1)  -4(1) 
C(10) 25(1)  21(1) 26(1)  -12(1) -6(1) -4(1) 
C(11) 18(1)  22(1) 25(1)  -12(1) -4(1) -3(1) 
C(12) 23(1)  18(1) 36(1)  -10(1) -7(1) -6(1) 
C(13) 22(1)  20(1) 34(1)  -12(1) -6(1) -4(1) 
C(14) 45(1)  26(1) 33(1)  -8(1) -2(1) -17(1) 
C(15) 28(1)  23(1) 54(1)  -16(1) -13(1) -2(1) 
C(16) 23(1)  30(1) 49(1)  -21(1) -9(1) -4(1) 
C(17) 39(1)  34(1) 33(1)  -14(1) -3(1) -16(1) 
C(18) 21(1)  17(1) 27(1)  -8(1) -6(1) -2(1) 
C(19) 20(1)  22(1) 25(1)  -8(1) -8(1) -2(1) 
C(20) 50(1)  32(1) 27(1)  -6(1) 7(1) -7(1) 
C(21) 45(1)  38(1) 31(1)  -14(1) 5(1) -11(1) 
C(22) 26(1)  26(1) 26(1)  -7(1) -9(1) -8(1) 
_______________________________________________________________________ 
 
Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters (≈2x103) for 
C22H29BO4. 
_______________________________________________________________________ 
 x  y  z  U(eq) 
- 476 - 
_______________________________________________________________________  
            H(3) 13438 9736 6353 29 
H(4) 15176 11305 4272 33 
H(6) 14851 13683 2073 40 
H(7) 12530 15827 693 42 
H(8) 8468 16396 1435 37 
H(9) 6754 14867 3569 31 
H(11) 7112 12562 5747 25 
H(14A) 8706 4518 9732 51 
H(14B) 7351 4232 8784 51 
H(14C) 6599 5908 9140 51 
H(15A) 12812 4833 6511 50 
H(15B) 11132 3635 7021 50 
H(15C) 12326 3779 8129 50 
H(16A) 5154 6365 7133 47 
H(16B) 6840 5223 6201 47 
H(16C) 5718 7064 5450 47 
H(17A) 9322 7880 4205 50 
H(17B) 10635 6019 4686 50 
H(17C) 11433 7338 4993 50 
H(18A) 6497 11842 8333 26 
H(18B) 5574 11074 7500 26 
- 477 - 
H(20A) 3251 9684 12453 49 
H(20B) 2253 8930 11638 49 
H(21A) 326 12126 11819 59 
H(21B) -703 10639 12905 59 
H(21C) -780 11161 11269 59 
H(22A) 11998 8957 8548 37 
H(22B) 9682 9002 9741 37 
H(22C) 10548 10620 8870 37 
_______________________________________________________________________ 
 

































































Symmetry transformations used to generate equivalent atoms:  
 
   Crystal data of (S)-Ethyl 3-(4-bromophenyl)-3-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)butanoate (5.9) 
Table 1. Crystal data and structure refinement for C18H26BBrO4. 
Identification code  C18H26BBrO4 
Empirical formula  C18 H26 B Br O4 
Formula weight  397.11 
Temperature  100(2) K 
- 481 - 
Wavelength  0.71073 ≈ 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 11.0774(2) ≈ a= 90∞. 
 b = 17.1476(3) ≈ b= 102.0810(10)∞. 
 c = 20.9494(4) ≈ g = 90∞. 
Volume 3891.22(12) ≈3 
Z 8 
Density (calculated) 1.360 Mg/m3 
Absorption coefficient 2.131 mm-1 
F(000) 1648 
Crystal size 0.40 x 0.18 x 0.10 mm3 
Theta range for data collection 1.55 to 27.11∞. 
Index ranges -14<=h<=14, -21<=k<=21, -26<=l<=26 
Reflections collected 94552 
Independent reflections 17164 [R(int) = 0.0414] 
Completeness to theta = 27.11∞ 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.8152 and 0.4828 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17164 / 16 / 910 
- 482 - 
Goodness-of-fit on F2 1.043 
Final R indices [I>2sigma(I)] R1 = 0.0292, wR2 = 0.0695 
R indices (all data) R1 = 0.0327, wR2 = 0.0709 
Absolute structure parameter -0.019(3) 
Extinction coefficient na 
Largest diff. peak and hole 0.708 and -0.212 e.≈-3 
 
Table 2. Atomic coordinates (x104) and equivalent isotropic displacement parameters 
(≈2x 103) for C18H26BBrO4.  U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor. 
_______________________________________________________________________ 
 x y z U(eq) 
_______________________________________________________________________  
Br(1) 8164(1) 6176(1) 6155(1) 31(1) 
O(1) 7816(2) 2206(1) 4997(1) 20(1) 
O(2) 6550(2) 1944(1) 5707(1) 23(1) 
O(3) 5441(2) 1748(1) 4026(1) 23(1) 
O(4) 4776(2) 2534(1) 3168(1) 24(1) 
B(1) 6736(3) 2382(1) 5191(1) 18(1) 
C(1) 7449(2) 5241(1) 5752(1) 22(1) 
C(2) 8181(2) 4710(2) 5516(1) 25(1) 
C(3) 7653(2) 4018(2) 5236(1) 23(1) 
- 483 - 
C(4) 6400(2) 3847(1) 5198(1) 19(1) 
C(5) 5697(2) 4406(1) 5440(1) 21(1) 
C(6) 6207(2) 5101(1) 5712(1) 23(1) 
C(7) 5845(2) 3076(1) 4888(1) 19(1) 
C(8) 8530(2) 1697(1) 5502(1) 22(1) 
C(9) 7497(2) 1328(1) 5809(1) 25(1) 
C(10) 9410(2) 2225(2) 5966(1) 30(1) 
C(11) 9264(2) 1123(2) 5182(1) 30(1) 
C(12) 7864(3) 1158(2) 6535(1) 34(1) 
C(13) 6897(3) 614(2) 5438(1) 32(1) 
C(14) 4550(2) 2930(1) 5017(1) 25(1) 
C(15) 5771(2) 3137(1) 4147(1) 22(1) 
C(16) 5321(2) 2391(1) 3789(1) 20(1) 
C(17) 4302(2) 1858(1) 2773(1) 25(1) 
C(18) 3585(3) 2166(2) 2131(1) 43(1) 
Br(2) 2092(1) 4031(1) 5898(1) 34(1) 
O(5) 1370(2) 7900(1) 7021(1) 25(1) 
O(6) -546(2) 7625(1) 7211(1) 23(1) 
O(7) 1696(2) 8135(1) 8500(1) 35(1) 
O(8) 3744(2) 7950(1) 8715(1) 26(1) 
B(2) 678(3) 7431(2) 7337(1) 22(1) 
C(19) 1832(2) 4843(1) 6474(1) 23(1) 
- 484 - 
C(20) 2386(2) 5564(1) 6441(1) 22(1) 
C(21) 2166(2) 6150(1) 6858(1) 21(1) 
C(22) 1431(2) 6036(1) 7315(1) 21(1) 
C(23) 909(2) 5299(1) 7339(1) 27(1) 
C(24) 1095(2) 4706(1) 6918(1) 29(1) 
C(25) 1237(2) 6709(1) 7772(1) 23(1) 
C(26) 507(2) 8397(1) 6573(1) 25(1) 
C(27) -661(2) 8387(1) 6883(1) 23(1) 
C(28) 287(3) 8004(2) 5908(1) 32(1) 
C(29) 1096(3) 9192(1) 6547(2) 35(1) 
C(30) -1883(2) 8424(2) 6402(1) 30(1) 
C(31) -606(3) 9001(2) 7417(1) 30(1) 
C(32) 367(3) 6485(2) 8228(1) 30(1) 
C(33) 2526(2) 6925(2) 8184(1) 26(1) 
C(34) 2575(2) 7730(2) 8483(1) 26(1) 
C(35) 3906(2) 8750(1) 8943(1) 26(1) 
C(36) 5262(2) 8861(2) 9198(1) 31(1) 
Br(3) 4321(1) 4415(1) 2574(1) 30(1) 
O(9) 2344(2) 8363(1) 1815(1) 21(1) 
O(10) 4301(2) 8520(1) 1657(1) 35(1) 
O(11) 1732(2) 8825(1) 295(1) 27(1) 
O(12) 142(2) 8080(1) -216(1) 23(1) 
- 485 - 
B(3) 3199(2) 8142(1) 1469(1) 18(1) 
C(37) 3895(2) 5342(1) 2078(1) 21(1) 
C(38) 4808(2) 5763(1) 1874(1) 23(1) 
C(39) 4500(2) 6439(1) 1511(1) 21(1) 
C(40) 3278(2) 6705(1) 1339(1) 16(1) 
C(41) 2381(2) 6268(1) 1562(1) 19(1) 
C(42) 2678(2) 5591(1) 1927(1) 20(1) 
C(43) 2975(2) 7462(1) 944(1) 16(1) 
C(44) 3013(4) 8835(2) 2356(2) 24(1) 
C(45) 4083(3) 9186(2) 2066(2) 25(1) 
C(46) 3457(5) 8294(2) 2930(2) 42(1) 
C(47) 2141(4) 9451(3) 2519(2) 36(1) 
C(48) 5255(5) 9325(4) 2569(3) 42(2) 
C(49) 3721(4) 9891(2) 1637(2) 41(1) 
C(44X) 2825(13) 9023(7) 2250(6) 24(1) 
C(45X) 4227(9) 8818(6) 2322(3) 30(3) 
C(46X) 2216(10) 9029(8) 2827(6) 35(3) 
C(47X) 2538(12) 9770(6) 1851(6) 42(3) 
C(48X) 4548(10) 8238(7) 2926(5) 42(2) 
C(49X) 5170(20) 9499(10) 2451(12) 41(1) 
C(50) 3822(2) 7560(1) 451(1) 21(1) 
C(51) 1620(2) 7459(1) 575(1) 18(1) 
- 486 - 
C(52) 1207(2) 8202(1) 213(1) 20(1) 
C(53) -356(2) 8740(1) -625(1) 26(1) 
C(54) -1689(4) 8616(3) -863(3) 29(1) 
C(54X) -1501(12) 8416(8) -1096(7) 29(1) 
Br(4) 2556(1) 5552(1) 9892(1) 29(1) 
O(13) 2943(1) 1762(1) 8970(1) 19(1) 
O(14) 855(1) 1625(1) 8882(1) 20(1) 
O(15) 1967(2) 1169(1) 7522(1) 28(1) 
O(16) 2869(2) 1761(1) 6789(1) 27(1) 
B(4) 1783(2) 1975(1) 8645(1) 17(1) 
C(55) 2224(2) 4702(1) 9306(1) 19(1) 
C(56) 1022(2) 4438(1) 9092(1) 20(1) 
C(57) 804(2) 3790(1) 8688(1) 19(1) 
C(58) 1767(2) 3394(1) 8493(1) 16(1) 
C(59) 2958(2) 3676(1) 8708(1) 22(1) 
C(60) 3192(2) 4329(2) 9110(1) 23(1) 
C(61) 1533(2) 2630(1) 8101(1) 16(1) 
C(62) 2784(2) 1311(1) 9539(1) 19(1) 
C(63) 1445(2) 998(1) 9320(1) 20(1) 
C(64) 2943(3) 1879(2) 10108(1) 30(1) 
C(65) 3762(2) 675(1) 9675(1) 27(1) 
C(66) 751(2) 892(2) 9865(1) 29(1) 
- 487 - 
C(67) 1357(2) 270(1) 8901(1) 27(1) 
C(68) 202(2) 2571(1) 7704(1) 19(1) 
C(69) 2432(2) 2552(1) 7634(1) 20(1) 
C(70) 2377(2) 1753(1) 7319(1) 22(1) 
C(71) 2913(3) 1015(2) 6464(1) 29(1) 
C(72) 3464(10) 1163(4) 5874(5) 42(2) 
C(72X) 3840(40) 1053(19) 6084(19) 42(2) 
_______________________________________________________________________ 
 
Table 3. Bond lengths [≈] and angles [∞] for C18H26BBrO4. 
_____________________________________________________  
Br(1)-C(1)  1.905(2) 
O(1)-B(1)  1.375(3) 
O(1)-C(8)  1.468(3) 
O(2)-B(1)  1.368(3) 
O(2)-C(9)  1.472(3) 
O(3)-C(16)  1.205(3) 
O(4)-C(16)  1.337(3) 
O(4)-C(17)  1.457(3) 
B(1)-C(7)  1.590(3) 
C(1)-C(2)  1.378(3) 
C(1)-C(6)  1.381(4) 
- 488 - 
C(2)-C(3)  1.396(3) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.404(3) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.395(3) 
C(4)-C(7)  1.544(3) 
C(5)-C(6)  1.390(3) 
C(5)-H(5)  0.9500 
C(6)-H(6)  0.9500 
C(7)-C(14)  1.534(3) 
C(7)-C(15)  1.542(3) 
C(8)-C(11)  1.518(3) 
C(8)-C(10)  1.522(3) 
C(8)-C(9)  1.560(4) 
C(9)-C(12)  1.518(3) 
C(9)-C(13)  1.526(3) 
C(10)-H(10A)  0.9800 
C(10)-H(10B)  0.9800 
C(10)-H(10C)  0.9800 
C(11)-H(11A)  0.9800 
C(11)-H(11B)  0.9800 
C(11)-H(11C)  0.9800 
- 489 - 
C(12)-H(12A)  0.9800 
C(12)-H(12B)  0.9800 
C(12)-H(12C)  0.9800 
C(13)-H(13A)  0.9800 
C(13)-H(13B)  0.9800 
C(13)-H(13C)  0.9800 
C(14)-H(14A)  0.9800 
C(14)-H(14B)  0.9800 
C(14)-H(14C)  0.9800 
C(15)-C(16)  1.514(3) 
C(15)-H(15A)  0.9900 
C(15)-H(15B)  0.9900 
C(17)-C(18)  1.506(4) 
C(17)-H(17A)  0.9900 
C(17)-H(17B)  0.9900 
C(18)-H(18A)  0.9800 
C(18)-H(18B)  0.9800 
C(18)-H(18C)  0.9800 
Br(2)-C(19)  1.905(2) 
O(5)-B(2)  1.373(3) 
O(5)-C(26)  1.464(3) 
O(6)-B(2)  1.368(3) 
- 490 - 
O(6)-C(27)  1.468(3) 
O(7)-C(34)  1.203(3) 
O(8)-C(34)  1.338(3) 
O(8)-C(35)  1.452(3) 
B(2)-C(25)  1.584(4) 
C(19)-C(24)  1.380(4) 
C(19)-C(20)  1.388(3) 
C(20)-C(21)  1.387(3) 
C(20)-H(20)  0.9500 
C(21)-C(22)  1.395(3) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.394(3) 
C(22)-C(25)  1.544(3) 
C(23)-C(24)  1.389(4) 
C(23)-H(23)  0.9500 
C(24)-H(24)  0.9500 
C(25)-C(32)  1.541(3) 
C(25)-C(33)  1.550(4) 
C(26)-C(29)  1.517(3) 
C(26)-C(28)  1.520(4) 
C(26)-C(27)  1.564(4) 
C(27)-C(30)  1.511(4) 
- 491 - 
C(27)-C(31)  1.528(3) 
C(28)-H(28A)  0.9800 
C(28)-H(28B)  0.9800 
C(28)-H(28C)  0.9800 
C(29)-H(29A)  0.9800 
C(29)-H(29B)  0.9800 
C(29)-H(29C)  0.9800 
C(30)-H(30A)  0.9800 
C(30)-H(30B)  0.9800 
C(30)-H(30C)  0.9800 
C(31)-H(31A)  0.9800 
C(31)-H(31B)  0.9800 
C(31)-H(31C)  0.9800 
C(32)-H(32A)  0.9800 
C(32)-H(32B)  0.9800 
C(32)-H(32C)  0.9800 
C(33)-C(34)  1.512(3) 
C(33)-H(33A)  0.9900 
C(33)-H(33B)  0.9900 
C(35)-C(36)  1.497(4) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
- 492 - 
C(36)-H(36A)  0.9800 
C(36)-H(36B)  0.9800 
C(36)-H(36C)  0.9800 
Br(3)-C(37)  1.905(2) 
O(9)-B(3)  1.362(3) 
O(9)-C(44)  1.462(5) 
O(10)-B(3)  1.365(3) 
O(10)-C(45)  1.479(3) 
O(11)-C(52)  1.212(3) 
O(12)-C(52)  1.342(3) 
O(12)-C(53)  1.457(3) 
B(3)-C(43)  1.587(3) 
C(37)-C(38)  1.381(3) 
C(37)-C(42)  1.386(3) 
C(38)-C(39)  1.389(3) 
C(38)-H(38)  0.9500 
C(39)-C(40)  1.403(3) 
C(39)-H(39)  0.9500 
C(40)-C(41)  1.401(3) 
C(40)-C(43)  1.538(3) 
C(41)-C(42)  1.391(3) 
C(41)-H(41)  0.9500 
- 493 - 
C(42)-H(42)  0.9500 
C(43)-C(51)  1.538(3) 
C(43)-C(50)  1.543(3) 
C(44)-C(46)  1.515(5) 
C(44)-C(47)  1.518(5) 
C(44)-C(45)  1.562(5) 
C(45)-C(48)  1.509(6) 
C(45)-C(49)  1.510(5) 
C(46)-H(46A)  0.9800 
C(46)-H(46B)  0.9800 
C(46)-H(46C)  0.9800 
C(47)-H(47A)  0.9800 
C(47)-H(47B)  0.9800 
C(47)-H(47C)  0.9800 
C(48)-H(48A)  0.9800 
C(48)-H(48B)  0.9800 
C(48)-H(48C)  0.9800 
C(49)-H(49A)  0.9800 
C(49)-H(49B)  0.9800 
C(49)-H(49C)  0.9800 
C(50)-H(50A)  0.9800 
C(50)-H(50B)  0.9800 
- 494 - 
C(50)-H(50C)  0.9800 
C(51)-C(52)  1.503(3) 
C(51)-H(51A)  0.9900 
C(51)-H(51B)  0.9900 
C(53)-C(54)  1.472(5) 
C(53)-H(53A)  0.9900 
C(53)-H(53B)  0.9900 
C(54)-H(54A)  0.9800 
C(54)-H(54B)  0.9800 
C(54)-H(54C)  0.9800 
Br(4)-C(55)  1.892(2) 
O(13)-B(4)  1.372(3) 
O(13)-C(62)  1.461(3) 
O(14)-B(4)  1.370(3) 
O(14)-C(63)  1.473(3) 
O(15)-C(70)  1.212(3) 
O(16)-C(70)  1.336(3) 
O(16)-C(71)  1.456(3) 
B(4)-C(61)  1.584(3) 
C(55)-C(60)  1.383(3) 
C(55)-C(56)  1.389(3) 
C(56)-C(57)  1.387(3) 
- 495 - 
C(56)-H(56)  0.9500 
C(57)-C(58)  1.396(3) 
C(57)-H(57)  0.9500 
C(58)-C(59)  1.389(3) 
C(58)-C(61)  1.538(3) 
C(59)-C(60)  1.392(3) 
C(59)-H(59)  0.9500 
C(60)-H(60)  0.9500 
C(61)-C(68)  1.537(3) 
C(61)-C(69)  1.541(3) 
C(62)-C(64)  1.521(3) 
C(62)-C(65)  1.522(3) 
C(62)-C(63)  1.554(3) 
C(63)-C(66)  1.516(3) 
C(63)-C(67)  1.518(3) 
C(64)-H(64A)  0.9800 
C(64)-H(64B)  0.9800 
C(64)-H(64C)  0.9800 
C(65)-H(65A)  0.9800 
C(65)-H(65B)  0.9800 
C(65)-H(65C)  0.9800 
C(66)-H(66A)  0.9800 
- 496 - 
C(66)-H(66B)  0.9800 
C(66)-H(66C)  0.9800 
C(67)-H(67A)  0.9800 
C(67)-H(67B)  0.9800 
C(67)-H(67C)  0.9800 
C(68)-H(68A)  0.9800 
C(68)-H(68B)  0.9800 
C(68)-H(68C)  0.9800 
C(69)-C(70)  1.516(3) 
C(69)-H(69A)  0.9900 
C(69)-H(69B)  0.9900 
C(71)-C(72)  1.509(7) 
C(71)-H(71A)  0.9900 
C(71)-H(71B)  0.9900 
C(72)-H(72A)  0.9800 
C(72)-H(72B)  0.9800 







































































































































































































































































































































































































Symmetry transformations used to generate equivalent atoms:  
  
Table 4. Anisotropic displacement parameters (≈2x103) for C18H26BBrO4.  The anisotropic 
displacement factor exponent takes the form: -2p2[h2a*2U11 + ...  + 2hka*b*U12] 
_______________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
- 514 - 
_______________________________________________________________________ 
Br(1) 32(1)  20(1) 39(1)  -7(1) 6(1) -7(1) 
O(1)21(1)  21(1) 17(1)  3(1) 2(1)  3(1) 
O(2)27(1)  22(1) 20(1)  4(1) 6(1)  0(1) 
O(3)28(1)  16(1) 23(1)  0(1) 1(1)  0(1) 
O(4)32(1)  20(1) 18(1)  1(1) -1(1)  0(1) 
B(1)24(1)  14(1) 15(1)  -2(1) 1(1)  -4(1) 
C(1)30(1)  14(1) 22(1)  0(1) 1(1)  -4(1) 
C(2)21(1)  26(1) 30(1)  -1(1) 7(1)  -2(1) 
C(3)23(1)  21(1) 26(1)  -2(1) 8(1)  1(1) 
C(4)24(1)  18(1) 16(1)  1(1) 2(1)  0(1) 
C(5)18(1)  22(1) 23(1)  2(1) 3(1)  3(1) 
C(6)26(1)  19(1) 25(1)  0(1) 5(1)  4(1) 
C(7)19(1)  17(1) 21(1)  0(1) 2(1)  -1(1) 
C(8)24(1)  22(1) 17(1)  2(1) -2(1)  4(1) 
C(9)26(1)  24(1) 23(1)  4(1) -1(1)  3(1) 
C(10) 27(1)  38(1) 23(1)  -3(1) 1(1) -2(1) 
C(11) 29(1)  30(1) 28(1)  0(1) 1(1) 9(1) 
C(12) 39(2)  40(2) 23(1)  8(1) 2(1) 1(1) 
C(13) 38(2)  18(1) 35(1)  3(1) 1(1) -1(1) 
C(14) 22(1)  23(1) 29(1)  -3(1) 4(1) -3(1) 
C(15) 24(1)  18(1) 22(1)  3(1) 1(1) -1(1) 
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C(16) 18(1)  21(1) 20(1)  0(1) 5(1) 1(1) 
C(17) 32(1)  22(1) 20(1)  -2(1) 1(1) -4(1) 
C(18) 66(2)  30(2) 24(1)  -2(1) -11(1) -3(1) 
Br(2) 41(1)  23(1) 37(1)  -8(1) 8(1) -2(1) 
O(5)21(1)  18(1) 36(1)  4(1) 9(1)  2(1) 
O(6)18(1)  21(1) 30(1)  6(1) 7(1)  3(1) 
O(7)27(1)  32(1) 43(1)  -8(1) 2(1)  10(1) 
O(8)26(1)  23(1) 30(1)  -2(1) 6(1)  4(1) 
B(2)23(1)  20(1) 24(1)  -3(1) 6(1)  0(1) 
C(19) 23(1)  19(1) 25(1)  -1(1) 2(1) 1(1) 
C(20) 20(1)  24(1) 21(1)  3(1) 4(1) 0(1) 
C(21) 18(1)  18(1) 27(1)  2(1) 3(1) -3(1) 
C(22) 20(1)  18(1) 26(1)  4(1) 1(1) 5(1) 
C(23) 26(1)  17(1) 38(2)  4(1) 10(1) 2(1) 
C(24) 25(1)  18(1) 43(2)  5(1) 6(1) 0(1) 
C(25) 21(1)  22(1) 25(1)  1(1) 6(1) 3(1) 
C(26) 25(1)  18(1) 33(1)  3(1) 7(1) 2(1) 
C(27) 26(1)  16(1) 29(1)  2(1) 7(1) 3(1) 
C(28) 38(2)  28(1) 32(1)  2(1) 17(1) 1(1) 
C(29) 38(2)  21(1) 50(2)  7(1) 15(1) -2(1) 
C(30) 26(1)  28(1) 34(1)  3(1) 3(1) 4(1) 
C(31) 34(1)  25(1) 32(1)  -2(1) 7(1) 7(1) 
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C(32) 33(2)  26(1) 32(1)  6(1) 14(1) 6(1) 
C(33) 23(1)  27(1) 29(1)  -1(1) 2(1) 8(1) 
C(34) 28(1)  26(1) 23(1)  0(1) 4(1) 4(1) 
C(35) 28(1)  20(1) 32(1)  -2(1) 8(1) 5(1) 
C(36) 30(1)  26(1) 37(2)  -3(1) 5(1) 3(1) 
Br(3) 30(1)  26(1) 31(1)  11(1) 3(1) 3(1) 
O(9)17(1)  22(1) 25(1)  -9(1) 7(1)  -2(1) 
O(10) 16(1)  38(1) 54(1)  -30(1) 14(1) -10(1) 
O(11) 28(1)  17(1) 31(1)  -1(1) -3(1) -2(1) 
O(12) 19(1)  22(1) 25(1)  3(1) -2(1) -1(1) 
B(3)12(1)  16(1) 25(1)  0(1) 4(1)  -3(1) 
C(37) 24(1)  21(1) 16(1)  4(1) 0(1) 0(1) 
C(38) 15(1)  26(1) 26(1)  2(1) 4(1) 
 3(1) 
C(39) 14(1)  22(1) 27(1)  1(1) 6(1) -4(1) 
C(40) 15(1)  14(1) 17(1)  -3(1) 3(1) 0(1) 
C(41) 14(1)  22(1) 21(1)  -1(1) 4(1) 0(1) 
C(42) 19(1)  22(1) 20(1)  -1(1) 7(1) -3(1) 
C(43) 12(1)  15(1) 22(1)  0(1) 4(1) -1(1) 
C(44) 26(2)  19(2) 27(2)  -7(2) 7(2) -3(2) 
C(45) 23(2)  17(2) 35(2)  -11(2) 6(2) -2(1) 
C(46) 65(3)  37(2) 22(2)  1(2) 4(2) -1(2) 
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C(47) 33(2)  34(2) 42(2)  -20(2) 12(2) 1(2) 
C(48) 22(2)  56(4) 46(4)  -20(2) 4(2) -14(2) 
C(49) 65(3)  20(2) 39(2)  -7(2) 16(2) -12(2) 
C(44X) 26(2)  19(2) 27(2)  -7(2) 7(2) -3(2) 
C(45X) 12(5)  22(6) 54(8)  -15(5) 5(5)4(4) 
C(46X) 24(6)  42(7) 37(7)  -21(6) 0(5) -3(5) 
C(47X) 45(7)  26(5) 50(7)  -7(5) -2(6) 4(5) 
C(48X) 22(2)  56(4) 46(4)  -20(2) 4(2) -14(2) 
C(49X) 65(3)  20(2) 39(2)  -7(2) 16(2) -12(2) 
C(50) 20(1)  20(1) 23(1)  0(1) 8(1) -2(1) 
C(51) 17(1)  16(1) 20(1)  1(1) 2(1) -2(1) 
C(52) 19(1)  22(1) 18(1)  0(1) 3(1) 1(1) 
C(53) 29(1)  23(1) 24(1)  4(1) 0(1)2(1) 
C(54) 24(2)  35(3) 26(3)  10(2) -1(2) 0(2) 
C(54X) 24(2)  35(3) 26(3)  10(2) -1(2) 0(2) 
Br(4) 21(1)  25(1) 38(1)  -15(1) 4(1) -1(1) 
O(13) 14(1)  20(1) 25(1)  2(1) 6(1) 1(1) 
O(14) 15(1)  18(1) 27(1)  6(1) 6(1) 2(1) 
O(15) 37(1)  21(1) 30(1)  -2(1) 15(1) -2(1) 
O(16) 34(1)  24(1) 27(1)  -7(1) 17(1) -4(1) 
B(4)15(1)  15(1) 22(1)  -4(1) 8(1)  1(1) 
C(55) 20(1)  16(1) 21(1)  -4(1) 4(1) 0(1) 
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C(56) 17(1)  20(1) 23(1)  -1(1) 7(1) 4(1) 
C(57) 13(1)  23(1) 21(1)  0(1) 5(1) -1(1) 
C(58) 18(1)  16(1) 14(1)  2(1) 4(1) 1(1) 
C(59) 15(1)  23(1) 28(1)  -3(1) 4(1) 2(1) 
C(60) 14(1)  26(1) 28(1)  -6(1) 2(1) -2(1) 
C(61) 14(1)  17(1) 18(1)  -2(1) 4(1) 0(1) 
C(62) 18(1)  16(1) 23(1)  2(1) 6(1) 1(1) 
C(63) 15(1)  16(1) 29(1)  6(1) 6(1) 3(1) 
C(64) 36(2)  28(1) 27(1)  -3(1) 4(1) -1(1) 
C(65) 20(1)  23(1) 38(1)  8(1) 3(1) 5(1) 
C(66) 24(1)  30(1) 38(2)  12(1) 16(1) 6(1) 
C(67) 24(1)  18(1) 39(2)  3(1) 5(1) -2(1) 
C(68) 20(1)  18(1) 19(1)  -2(1) 2(1) -1(1) 
C(69) 20(1)  19(1) 24(1)  -2(1) 10(1) -3(1) 
C(70) 22(1)  22(1) 22(1)  -2(1) 6(1) 3(1) 
C(71) 34(1)  26(1) 31(1)  -13(1) 13(1) -4(1) 
C(72) 59(4)  45(2) 27(4)  -17(3) 25(3) -14(3) 
C(72X) 59(4)  45(2) 27(4)  -17(3) 25(3) -14(3) 
_______________________________________________________________________  
 
Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters (≈2x103) 
for C18H26BBrO4. 
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_______________________________________________________________________ 
 x  y  z  U(eq) 
_______________________________________________________________________ 
H(2) 9033 4813 5543 31 
H(3) 8153 3655 5068 28 
H(5) 4845 4309 5417 26 
H(6) 5708 5476 5869 28 
H(10A) 10032 2436 5742 44 
H(10B) 9819 1925 6348 44 
H(10C) 8944 2656 6106 44 
H(11A) 9887 1405 5003 44 
H(11B) 8706 848 4829 44 
H(11C) 9673 746 5508 44 
H(12A) 7160 930 6684 52 
H(12B) 8111 1644 6772 52 
H(12C) 8556 790 6616 52 
H(13A) 6259 409 5654 47 
H(13B) 7525 212 5435 47 
H(13C) 6521 762 4989 47 
H(14A) 4000 3357 4829 37 
H(14B) 4594 2905 5489 37 
H(14C) 4229 2436 4816 37 
- 520 - 
H(15A) 5204 3567 3969 26 
H(15B) 6598 3266 4069 26 
H(17A) 3759 1544 2993 30 
H(17B) 4991 1524 2702 30 
H(18A) 3246 1728 1849 64 
H(18B) 4134 2473 1918 64 
H(18C) 2909 2496 2209 64 
H(20) 2903 5653 6139 26 
H(21) 2530 6648 6831 25 
H(23) 416 5200 7651 32 
H(24) 718 4211 6936 34 
H(28A) 1045 8027 5736 47 
H(28B) -379 8275 5608 47 
H(28C) 54 7459 5951 47 
H(29A) 1814 9143 6345 53 
H(29B) 1360 9397 6991 53 
H(29C) 495 9549 6289 53 
H(30A) -2557 8417 6639 45 
H(30B) -1960 7974 6108 45 
H(30C) -1925 8906 6147 45 
H(31A) -1355 8969 7595 45 
H(31B) -547 9521 7231 45 
- 521 - 
H(31C) 119 8907 7766 45 
H(32A) 711 6038 8497 44 
H(32B) -445 6347 7966 44 
H(32C) 283 6928 8511 44 
H(33A) 2762 6536 8537 32 
H(33B) 3140 6896 7902 32 
H(35A) 3445 8844 9293 32 
H(35B) 3601 9117 8580 32 
H(36A) 5418 9397 9356 47 
H(36B) 5705 8763 8848 47 
H(36C) 5549 8496 9558 47 
H(38) 5641 5592 1982 27 
H(39) 5134 6728 1376 25 
H(41) 1547 6439 1462 23 
H(42) 2053 5301 2070 24 
H(46A) 4018 7904 2810 63 
H(46B) 2747 8031 3045 63 
H(46C) 3893 8597 3304 63 
H(47A) 1874 9793 2141 53 
H(47B) 2568 9762 2891 53 
H(47C) 1420 9198 2630 53 
H(48A) 5469 8852 2832 62 
- 522 - 
H(48B) 5130 9758 2854 62 
H(48C) 5927 9454 2349 62 
H(49A) 2945 9785 1326 61 
H(49B) 4371 10006 1397 61 
H(49C) 3611 10340 1909 61 
H(46D) 2398 8539 3070 53 
H(46E) 1321 9082 2675 53 
H(46F) 2531 9468 3113 53 
H(47D) 2929 9749 1473 63 
H(47E) 2857 10220 2124 63 
H(47F) 1642 9822 1701 63 
H(48D) 3985 7791 2851 62 
H(48E) 4457 8511 3324 62 
H(48F) 5401 8056 2975 62 
H(49D) 4969 9884 2099 61 
H(49E) 6006 9294 2466 61 
H(49F) 5144 9747 2869 61 
H(50A) 3666 7136 130 31 
H(50B) 4687 7545 683 31 
H(50C) 3649 8062 226 31 
H(51A) 1497 7022 260 21 
H(51B) 1087 7362 892 21 
- 523 - 
H(53A) 59 8785 -998 31 
H(53B) -213 9229 -369 31 
H(54A) -2039 9056 -1139 44 
H(54B) -2093 8577 -490 44 
H(54C) -1822 8133 -1118 44 
H(54D) -1889 8833 -1389 44 
H(54E) -2091 8219 -846 44 
H(54F) -1253 7991 -1354 44 
H(56) 355 4698 9222 24 
H(57) -19 3613 8540 22 
H(59) 3627 3418 8579 26 
H(60) 4012 4518 9248 28 
H(64A) 3804 2052 10224 46 
H(64B) 2722 1619 10485 46 
H(64C) 2404 2331 9984 46 
H(65A) 4579 913 9811 41 
H(65B) 3735 367 9278 41 
H(65C) 3600 334 10023 41 
H(66A) -81 696 9683 44 
H(66B) 693 1394 10080 44 
H(66C) 1191 517 10183 44 
H(67A) 493 104 8778 40 
- 524 - 
H(67B) 1850 -147 9148 40 
H(67C) 1669 383 8506 40 
H(68A) 57 2981 7370 29 
H(68B) -377 2636 7996 29 
H(68C) 75 2059 7493 29 
H(69A) 2231 2953 7288 24 
H(69B) 3284 2650 7880 24 
H(71A) 2072 795 6328 35 
H(71B) 3429 640 6762 35 
H(72A) 3510 672 5642 62 
H(72B) 4296 1380 6015 62 
H(72C) 2945 1534 5583 62 
H(72D) 3881 553 5863 62 
H(72E) 4640 1165 6370 62 
H(72F) 3633 1468 5758 62 
_______________________________________________________________________ 
 
















































































































































































































Symmetry transformations used to generate equivalent atoms:  
 
  Crystal data of bicyclic β-boroketone 5.57 
- 534 - 
 
 
Table 1. Crystal Data and Structure Refinement for 5.57 
Identification code  5.57 
Empirical formula  C16 H25 B O4 
Formula weight  292.17 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 7.4202(8) ≈ α= 90∞ 
 b = 10.7636(11) ≈ β= 90∞ 
 c = 19.946(2) ≈ γ = 90∞ 
Volume 1593.0(3) ≈3 
- 535 - 
Z 4 
Density (calculated) 1.218 Mg/m3 
Absorption coefficient 0.084 mm-1 
F(000) 632 
Crystal size 0.10 x 0.10 x 0.05 mm3 
Theta range for data collection 2.78 to 27.98∞. 
Index ranges -9<=h<=9, -12<=k<=14, -26<=l<=26 
Reflections collected 15283 
Independent reflections 3813 [R(int) = 0.0342] 
Completeness to theta = 27.98∞ 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9958 and 0.9916 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3813 / 25 / 265 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0377, wR2 = 0.0938 
R indices (all data) R1 = 0.0406, wR2 = 0.0960 
Absolute structure parameter -0.1(7) 
Extinction coefficient na 
Largest diff. peak and hole 0.374 and -0.134 e.≈-3 
 
- 536 - 
Table 2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(≈2x103) for 5.57 (U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor.) 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
O(1) -350(2) 643(1) 1608(1) 25(1) 
O(2) 4673(2) 3439(1) 3669(1) 28(1) 
O(3) 1742(1) 3293(1) 802(1) 18(1) 
O(4) 2922(1) 5032(1) 1291(1) 18(1) 
C(1) 960(2) 1244(1) 1762(1) 17(1) 
C(2) 2874(2) 994(1) 1537(1) 21(1) 
C(3) 4021(2) 1983(1) 1885(1) 19(1) 
C(4) 2681(2) 3063(1) 2044(1) 14(1) 
C(5) 3409(2) 3922(1) 2598(1) 16(1) 
C(6) 3411(2) 3347(1) 3288(1) 18(1) 
C(7) 1708(2) 2681(1) 3482(1) 19(1) 
C(8) 1149(2) 1740(1) 2946(1) 17(1) 
C(9) 942(2) 2349(1) 2244(1) 15(1) 
C(10) -800(2) 3090(1) 2205(1) 20(1) 
C(11) 1530(2) 4288(1) 306(1) 17(1) 
C(12) 2873(2) 5293(1) 568(1) 17(1) 
- 537 - 
C(13) 1960(2) 3760(1) -377(1) 26(1) 
C(14) -426(2) 4704(1) 338(1) 22(1) 
C(15) 4786(2) 5117(2) 312(1) 28(1) 
C(16) 2275(2) 6624(1) 461(1) 22(1) 
B(1) 2419(2) 3825(1) 1370(1) 15(1) 
 
Table 3. Bond Lengths [≈] and Angles [∞] for 5.57 
_____________________________________________________ 
O(1)-C(1)  1.2072(17) 
O(2)-C(6)  1.2098(17) 
O(3)-B(1)  1.3657(17) 
O(3)-C(11)  1.4669(15) 
O(4)-B(1)  1.3612(18) 
O(4)-C(12)  1.4701(15) 
C(1)-C(2)  1.514(2) 
C(1)-C(9)  1.5286(18) 
C(2)-C(3)  1.529(2) 
C(2)-H(2A)  0.969(14) 
C(2)-H(2B)  0.971(14) 
C(3)-C(4)  1.5623(18) 
C(3)-H(3A)  0.977(14) 
C(3)-H(3B)  0.990(13) 
- 538 - 
C(4)-C(5)  1.5380(17) 
C(4)-C(9)  1.5539(17) 
C(4)-B(1)  1.5863(19) 
C(5)-C(6)  1.5092(18) 
C(5)-H(5A)  0.982(14) 
C(5)-H(5B)  0.992(13) 
C(6)-C(7)  1.5040(19) 
C(7)-C(8)  1.5304(18) 
C(7)-H(7A)  0.987(14) 
C(7)-H(7B)  0.981(13) 
C(8)-C(9)  1.5543(17) 
C(8)-H(8A)  0.992(13) 
C(8)-H(8B)  0.986(13) 
C(9)-C(10)  1.5201(19) 
C(10)-H(10A)  0.987(14) 
C(10)-H(10B)  0.970(14) 
C(10)-H(10C)  0.977(14) 
C(11)-C(13)  1.5096(19) 
C(11)-C(14)  1.5200(19) 
C(11)-C(12)  1.5609(18) 
C(12)-C(16)  1.5144(19) 
C(12)-C(15)  1.521(2) 
- 539 - 
C(13)-H(13A)  1.000(15) 
C(13)-H(13B)  0.967(15) 
C(13)-H(13C)  0.992(14) 
C(14)-H(14A)  0.989(14) 
C(14)-H(14B)  0.958(14) 
C(14)-H(14C)  1.008(14) 
C(15)-H(15A)  0.963(15) 
C(15)-H(15B)  0.996(15) 
C(15)-H(15C)  0.957(15) 
C(16)-H(16A)  0.963(14) 
C(16)-H(16B)  0.966(15) 






































































































Symmetry transformations used to generate equivalent atoms.  
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Table 4. Anisotropic Displacement Parameters (≈2x 103) for 5.57 [The anisotropic 
displacement factor exponent takes the form: -2π2(h2a*2U11 + ... + 2 h k a* b* U12).] 
________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
O(1)31(1)  21(1) 22(1)  1(1) -4(1)  -10(1) 
O(2)32(1)  27(1) 24(1)  5(1) -11(1)  -8(1) 
O(3)23(1)  16(1) 16(1)  2(1) -2(1)  -2(1) 
O(4)23(1)  18(1) 16(1)  3(1) -2(1)  -4(1) 
C(1)25(1)  14(1) 13(1)  2(1) -3(1)  -1(1) 
C(2)27(1)  16(1) 20(1)  -3(1) -2(1)  4(1) 
C(3)18(1)  19(1) 19(1)  -1(1) 0(1)  4(1) 
C(4)14(1)  13(1) 15(1)  0(1) -1(1)  -1(1) 
C(5)19(1)  15(1) 15(1)  0(1) -2(1)  -3(1) 
C(6)25(1)  12(1) 16(1)  -2(1) -2(1)  -1(1) 
C(7)26(1)  18(1) 14(1)  1(1) 0(1)  -3(1) 
C(8)21(1)  16(1) 15(1)  3(1) 1(1)  -4(1) 
C(9)16(1)  14(1) 15(1)  0(1) 1(1)  -2(1) 
C(10) 16(1)  23(1) 22(1)  2(1) 1(1) 
 0(1) 
C(11) 20(1)  16(1) 14(1)  2(1) -1(1) -1(1) 
C(12) 18(1)  18(1) 15(1)  2(1) -1(1) -3(1) 
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C(13) 37(1)  24(1) 16(1)  0(1) 1(1) 4(1) 
C(14) 20(1)  25(1) 23(1)  2(1) -4(1) -2(1) 
C(15) 18(1)  34(1) 32(1)  10(1) 2(1) -2(1) 
C(16) 28(1)  18(1) 20(1)  4(1) -2(1) -2(1) 
B(1)13(1)  17(1) 16(1)  1(1) 1(1)  0(1) 
 
Table 5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (≈2x 
103) for 5.57 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
H(2A) 2920(20) 1100(16) 1055(7) 25 
H(2B) 3210(20) 140(14) 1630(8) 25 
H(3A) 5000(20) 2267(15) 1596(8) 22 
H(3B) 4520(20) 1651(15) 2308(7) 22 
H(5A) 4673(19) 4115(15) 2495(8) 20 
H(5B) 2660(20) 4684(14) 2629(8) 20 
H(7A) 790(20) 3333(15) 3546(8) 23 
H(7B) 1880(20) 2273(16) 3918(7) 23 
H(8A) -21(19) 1358(15) 3069(8) 21 
H(8B) 2070(20) 1080(14) 2932(8) 21 
H(10A) -1840(20) 2567(16) 2328(9) 30 
- 547 - 
H(10B) -960(30) 3398(17) 1751(7) 30 
H(10C) -750(20) 3777(16) 2524(8) 30 
H(13A) 1090(20) 3081(16) -492(10) 38 
H(13B) 3170(20) 3429(19) -393(10) 38 
H(13C) 1880(30) 4390(16) -738(8) 38 
H(14A) -1190(20) 3969(15) 249(9) 34 
H(14B) -650(30) 5324(16) 4(8) 34 
H(14C) -770(30) 5054(17) 789(8) 34 
H(15A) 5560(30) 5681(18) 552(10) 42 
H(15B) 4860(30) 5295(19) -178(8) 42 
H(15C) 5170(30) 4287(15) 406(10) 42 
H(16A) 3160(20) 7189(16) 639(9) 33 
H(16B) 1180(20) 6822(17) 699(9) 33 
H(16C) 2060(30) 6757(17) -11(7) 33 
 































































Symmetry transformations used to generate equivalent atoms.  
 
 Crystal data of product 5.59.  
 
Table 1. Crystal Data and Structure Refinement for 5.59 
- 551 - 
Identification code  5.59 
Empirical formula  C19 H27 B O4 
Formula weight  330.22 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 21/n 
Unit cell dimensions a = 5.9436(8) Å α= 90° 
 b = 16.888(2) Å β= 93.841(2)° 
 c = 17.475(2) Å γ = 90° 
Volume 1750.2(4) Å3 
Z 4 
Density (calculated) 1.253 Mg/m3 
Absorption coefficient 0.085 mm-1 
F(000) 712 
Crystal size 0.14 x 0.07 x 0.06 mm3 
Theta range for data collection 2.34 to 28.30°. 
Index ranges -7<=h<=7, -21<=k<=21, -23<=l<=23 
Reflections collected 20649 
Independent reflections 4265 [R(int) = 0.0222] 
Completeness to theta = 28.30° 98.2 %  
Absorption correction Semi-empirical from equivalents 
- 552 - 
Max. and min. transmission 0.9949 and 0.9882 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4265 / 27 / 298 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0417, wR2 = 0.1060 
R indices (all data) R1 = 0.0468, wR2 = 0.1104 
Extinction coefficient na 
Largest diff. peak and hole 0.446 and -0.157 e.Å-3 
 
Table 2. Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(Å2x 103) for 5.59 (U(eq) is defined as one third of the trace of the orthogonalized Uij 
tensor.) 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
O(1) 4424(1) 850(1) 4913(1) 21(1) 
O(2) 2258(1) 12(1) 6072(1) 17(1) 
O(3) 2929(1) 2618(1) 6314(1) 17(1) 
O(4) 832(1) 3471(1) 5543(1) 17(1) 
B(1) 1214(2) 2698(1) 5759(1) 14(1) 
C(1) 2567(2) 1142(1) 4774(1) 16(1) 
C(2) 1855(2) 1470(1) 3992(1) 19(1) 
- 553 - 
C(3) 702(2) 2276(1) 4043(1) 19(1) 
C(4) -1214(2) 2238(1) 4579(1) 18(1) 
C(5) -287(2) 2005(1) 5392(1) 14(1) 
C(6) 812(2) 1172(1) 5371(1) 13(1) 
C(7) 1806(2) 845(1) 6140(1) 14(1) 
C(8) 234(2) 924(1) 6781(1) 14(1) 
C(9) -1864(2) 551(1) 6733(1) 16(1) 
C(10) -3257(2) 589(1) 7340(1) 18(1) 
C(11) -2586(2) 1018(1) 7995(1) 19(1) 
C(12) -521(2) 1403(1) 8042(1) 19(1) 
C(13) 889(2) 1351(1) 7438(1) 16(1) 
C(14) 3513(2) 3416(1) 6590(1) 16(1) 
C(15) 2714(2) 3935(1) 5889(1) 17(1) 
C(16) 6022(2) 3438(1) 6808(1) 22(1) 
C(17) 2187(2) 3569(1) 7293(1) 20(1) 
C(18) 4458(2) 3982(1) 5292(1) 25(1) 
C(19) 1854(2) 4750(1) 6083(1) 24(1) 
 
Table 3. Bond Lengths [Å] and Angles [°] for 5.59 
_____________________________________________________ 
O(1)-C(1)  1.2183(13) 
O(2)-C(7)  1.4392(12) 
- 554 - 
O(2)-H(2O)  0.829(12) 
O(3)-B(1)  1.3652(14) 
O(3)-C(14)  1.4660(12) 
O(4)-B(1)  1.3745(13) 
O(4)-C(15)  1.4616(13) 
B(1)-C(5)  1.5803(15) 
C(1)-C(2)  1.5087(14) 
C(1)-C(6)  1.5251(14) 
C(2)-C(3)  1.5304(15) 
C(2)-H(2A)  0.967(12) 
C(2)-H(2B)  0.982(12) 
C(3)-C(4)  1.5232(15) 
C(3)-H(3A)  0.983(12) 
C(3)-H(3B)  0.989(12) 
C(4)-C(5)  1.5408(14) 
C(4)-H(4A)  0.991(12) 
C(4)-H(4B)  0.974(12) 
C(5)-C(6)  1.5536(14) 
C(5)-H(5)  0.987(11) 
C(6)-C(7)  1.5342(13) 
C(6)-H(6)  0.993(11) 
C(7)-C(8)  1.5119(13) 
- 555 - 
C(7)-H(7)  0.976(11) 
C(8)-C(13)  1.3895(14) 
C(8)-C(9)  1.3945(14) 
C(9)-C(10)  1.3898(14) 
C(9)-H(9)  0.951(12) 
C(10)-C(11)  1.3892(16) 
C(10)-H(10)  0.965(12) 
C(11)-C(12)  1.3863(16) 
C(11)-H(11)  0.954(12) 
C(12)-C(13)  1.3943(15) 
C(12)-H(12)  0.970(12) 
C(13)-H(13)  0.948(12) 
C(14)-C(16)  1.5150(15) 
C(14)-C(17)  1.5250(15) 
C(14)-C(15)  1.5555(15) 
C(15)-C(19)  1.5148(15) 
C(15)-C(18)  1.5211(15) 
C(16)-H(16A)  0.985(13) 
C(16)-H(16B)  0.986(13) 
C(16)-H(16C)  0.989(13) 
C(17)-H(17A)  0.982(13) 
C(17)-H(17B)  0.980(13) 
- 556 - 
C(17)-H(17C)  0.979(13) 
C(18)-H(18A)  0.997(13) 
C(18)-H(18B)  1.006(13) 
C(18)-H(18C)  0.984(13) 
C(19)-H(19A)  0.970(13) 
C(19)-H(19B)  0.978(13) 









































































































Symmetry transformations used to generate equivalent atoms.  
  
- 561 - 
Table 4. Anisotropic Displacement Parameters (Å2x 103) for 5.59  [The anisotropic 
displacement factor exponent takes the form: -2π2(h2a*2U11 + ... + 2 h k a* b* U12).] 
________________________________________________________________________ 
 U11 U22 U33 U23 U13 U12 
________________________________________________________________________ 
O(1)21(1)  23(1) 20(1)  1(1) 6(1)  3(1) 
O(2)19(1)  13(1) 18(1)  0(1) 5(1)  2(1) 
O(3)18(1)  14(1) 18(1)  -1(1) -2(1)  -1(1) 
O(4)20(1)  14(1) 17(1)  -2(1) -2(1)  0(1) 
B(1)16(1)  16(1) 13(1)  -1(1) 2(1)  1(1) 
C(1)20(1)  13(1) 15(1)  -2(1) 3(1)  -3(1) 
C(2)25(1)  20(1) 13(1)  -1(1) 3(1)  -2(1) 
C(3)25(1)  17(1) 13(1)  1(1) -1(1)  -3(1) 
C(4)18(1)  18(1) 16(1)  1(1) -3(1)  -1(1) 
C(5)15(1)  14(1) 14(1)  0(1) 1(1)  -1(1) 
C(6)15(1)  13(1) 12(1)  0(1) 1(1)  -1(1) 
C(7)15(1)  12(1) 13(1)  0(1) 1(1)  0(1) 
C(8)16(1)  13(1) 12(1)  2(1) 1(1)  2(1) 
C(9)18(1)  16(1) 15(1)  -1(1) 0(1)  -1(1) 
C(10) 16(1)  17(1) 19(1)  2(1) 2(1) 0(1) 
C(11) 22(1)  19(1) 17(1)  2(1) 6(1) 2(1) 
C(12) 25(1)  19(1) 14(1)  -2(1) 2(1) 0(1) 
- 562 - 
C(13) 17(1)  17(1) 16(1)  0(1) 0(1) -2(1) 
C(14) 16(1)  14(1) 18(1)  -3(1) 0(1) -1(1) 
C(15) 19(1)  15(1) 18(1)  -2(1) 1(1) -2(1) 
C(16) 16(1)  24(1) 26(1)  -4(1) -1(1) -2(1) 
C(17) 18(1)  26(1) 16(1)  -3(1) 0(1) 0(1) 
C(18) 30(1)  23(1) 23(1)  1(1) 8(1) -6(1) 
C(19) 32(1)  14(1) 26(1)  -4(1) -1(1) 1(1) 
 
Table 5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (Å2x 103) 
for 5.59    
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
H(2O) 3310(20) -37(8) 5785(8) 20 
H(2A) 3150(20) 1492(8) 3686(8) 23 
H(2B) 760(20) 1088(8) 3764(8) 23 
H(3A) 1820(20) 2668(8) 4241(8) 22 
H(3B) 130(20) 2450(8) 3525(7) 22 
H(4A) -1950(20) 2764(7) 4593(8) 21 
H(4B) -2310(20) 1844(8) 4388(8) 21 
H(5) -1560(20) 1971(8) 5725(7) 17 
H(6) -400(20) 806(8) 5169(7) 16 
- 563 - 
H(7) 3190(20) 1133(8) 6285(7) 16 
H(9) -2360(20) 266(8) 6285(7) 19 
H(10) -4680(20) 313(8) 7309(8) 21 
H(11) -3530(20) 1052(9) 8415(7) 23 
H(12) -10(20) 1713(8) 8488(7) 23 
H(13) 2320(20) 1603(8) 7470(8) 20 
H(16A) 6910(30) 3299(9) 6372(8) 33 
H(16B) 6440(30) 3979(8) 6976(9) 33 
H(16C) 6370(30) 3065(9) 7236(8) 33 
H(17A) 2510(30) 3141(8) 7664(8) 30 
H(17B) 560(20) 3586(9) 7165(9) 30 
H(17C) 2610(30) 4080(8) 7526(9) 30 
H(18A) 5040(30) 3443(8) 5183(9) 38 
H(18B) 3740(30) 4231(10) 4812(8) 38 
H(18C) 5760(20) 4311(9) 5467(9) 38 
H(19A) 530(20) 4713(10) 6379(9) 36 
H(19B) 1410(30) 5041(9) 5613(8) 36 
H(19C) 3050(20) 5042(9) 6379(9) 36 
 
Table 6. Torsion Angles [°] for 5.59 
________________________________________________________________ 
C(14)-O(3)-B(1)-O(4) 10.18(12) 
























































Symmetry transformations used to generate equivalent atoms.  
  
Table 7. Hydrogen Bonds for 5.59 [Å and °] 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 O(2)-H(2O)...O(1) 0.829(12) 2.269(13) 2.8489(11) 127.3(12) 
 O(2)-H(2O)...O(1)#1 0.829(12) 2.327(13) 3.0698(11) 149.5(13) 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y,-z+1      
 
 Crystal data of product (5.59B) of tandem conjugate boron addition/aldol 
- 567 - 
reaction with p-chlorobenzaldehyde 
 
 
Table 1. Crystal Data and Structure Refinement for 5.59B 
Identification code  5.59B 
Empirical formula  C19 H26 B Cl O4 
Formula weight  364.66 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 12.399(2) ≈ α= 90∞ 
 b = 32.215(5) ≈ β= 109.176(2)∞ 
- 568 - 
 c = 9.9188(17) ≈ γ = 90∞ 
Volume 3742.2(11) ≈3 
Z 8 
Density (calculated) 1.294 Mg/m3 
Absorption coefficient 0.224 mm-1 
F(000) 1552 
Crystal size 0.27 x 0.08 x 0.03 mm3 
Theta range for data collection 2.26 to 25.50∞ 
Index ranges -15<=h<=15, -39<=k<=39, -12<=l<=12 
Reflections collected 46054 
Independent reflections 6941 [R(int) = 0.0750] 
Completeness to theta = 25.50∞ 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9933 and 0.9419 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6941 / 52 / 607 
Goodness-of-fit on F2 1.046 
Final R indices [I>2sigma(I)] R1 = 0.0481, wR2 = 0.0957 
R indices (all data) R1 = 0.0741, wR2 = 0.1048 
Extinction coefficient na 
Largest diff. peak and hole 0.288 and -0.230 e.≈-3 
- 569 - 
 
Table 2. Atomic Coordinates  ( x 104) and Equivalent Isotropic Displacement Parameters 
(≈2x 103) for 23 (U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor.) 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
Cl(1) 8400(1) -2643(1) 7173(1) 38(1) 
O(1) 14807(2) -3519(1) 13329(2) 30(1) 
O(2) 12746(2) -3107(1) 12859(2) 26(1) 
O(3) 14256(1) -3553(1) 8016(2) 20(1) 
O(4) 14558(1) -3077(1) 9787(2) 19(1) 
B(1) 14017(2) -3436(1) 9201(3) 15(1) 
C(1) 14262(2) -3744(1) 12362(2) 19(1) 
C(2) 14629(2) -4181(1) 12219(3) 26(1) 
C(3) 14574(2) -4287(1) 10694(3) 22(1) 
C(4) 13430(2) -4165(1) 9633(3) 18(1) 
C(5) 13192(2) -3702(1) 9750(2) 15(1) 
C(6) 13154(2) -3607(1) 11261(2) 16(1) 
C(7) 12854(2) -3159(1) 11475(2) 18(1) 
C(8) 11745(2) -3026(1) 10406(2) 18(1) 
C(9) 11716(2) -2755(1) 9315(2) 20(1) 
- 570 - 
C(10) 10695(2) -2637(1) 8317(3) 23(1) 
C(11) 9698(2) -2796(1) 8424(3) 25(1) 
C(12) 9693(2) -3069(1) 9488(3) 27(1) 
C(13) 10718(2) -3182(1) 10467(3) 23(1) 
C(14) 14856(2) -3211(1) 7617(2) 22(1) 
C(15) 15376(2) -2982(1) 9047(2) 20(1) 
C(16) 15705(3) -3384(1) 6984(3) 31(1) 
C(17) 13947(2) -2957(1) 6532(3) 30(1) 
C(18) 16501(2) -3165(1) 9966(3) 34(1) 
C(19) 15469(3) -2519(1) 8926(3) 31(1) 
Cl(2) 14913(1) -4700(1) 7103(1) 27(1) 
O(5) 8849(2) -4220(1) -216(2) 44(1) 
O(6) 11156(2) -4427(1) 701(2) 28(1) 
O(7) 8950(2) -4339(1) 5103(2) 26(1) 
O(8) 9551(2) -3932(1) 3635(2) 27(1) 
B(2) 9332(2) -4322(1) 3972(3) 16(1) 
C(20) 8749(2) -4492(1) 583(2) 24(1) 
C(21) 7615(2) -4690(1) 368(3) 25(1) 
C(22) 7390(2) -4783(1) 1761(3) 21(1) 
C(23) 8399(2) -4995(1) 2822(2) 18(1) 
C(24) 9475(2) -4725(1) 3153(2) 16(1) 
C(25) 9768(2) -4653(1) 1774(2) 17(1) 
- 571 - 
C(26) 10813(2) -4381(1) 1940(2) 19(1) 
C(27) 11830(2) -4475(1) 3225(2) 18(1) 
C(28) 12337(2) -4862(1) 3475(3) 21(1) 
C(29) 13285(2) -4938(1) 4657(3) 21(1) 
C(30) 13724(2) -4615(1) 5597(2) 20(1) 
C(31) 13239(2) -4227(1) 5380(3) 21(1) 
C(32) 12298(2) -4160(1) 4191(2) 19(1) 
C(33) 9081(2) -3927(1) 5742(2) 22(1) 
C(34) 9158(2) -3645(1) 4512(3) 27(1) 
C(35) 8076(3) -3844(1) 6234(3) 37(1) 
C(36) 10166(3) -3939(1) 6998(3) 43(1) 
C(37) 8015(3) -3486(1) 3568(3) 54(1) 
C(38) 10003(3) -3295(1) 4946(4) 53(1) 
 
Table 3. Bond Lengths [≈] and Angles [∞] for 5.59B 
_____________________________________________________  
Cl(1)-C(11)  1.750(2) 
O(1)-C(1)  1.216(3) 
O(2)-C(7)  1.432(3) 
O(2)-H(2O)  0.844(17) 
O(3)-B(1)  1.356(3) 
O(3)-C(14)  1.454(3) 
- 572 - 
O(4)-B(1)  1.367(3) 
O(4)-C(15)  1.467(2) 
B(1)-C(5)  1.562(3) 
C(1)-C(2)  1.501(3) 
C(1)-C(6)  1.512(3) 
C(2)-C(3)  1.530(3) 
C(2)-H(2A)  0.981(16) 
C(2)-H(2B)  0.985(16) 
C(3)-C(4)  1.514(3) 
C(3)-H(3A)  0.995(16) 
C(3)-H(3B)  0.964(16) 
C(4)-C(5)  1.534(3) 
C(4)-H(4A)  0.977(16) 
C(4)-H(4B)  0.990(16) 
C(5)-C(6)  1.545(3) 
C(5)-H(5)  0.980(16) 
C(6)-C(7)  1.525(3) 
C(6)-H(6)  0.997(15) 
C(7)-C(8)  1.496(3) 
C(7)-H(7)  0.986(16) 
C(8)-C(9)  1.383(3) 
C(8)-C(13)  1.388(3) 
- 573 - 
C(9)-C(10)  1.379(3) 
C(9)-H(9)  0.952(16) 
C(10)-C(11)  1.373(3) 
C(10)-H(10)  0.942(16) 
C(11)-C(12)  1.377(4) 
C(12)-C(13)  1.371(4) 
C(12)-H(12)  0.956(16) 
C(13)-H(13)  0.930(16) 
C(14)-C(16)  1.500(3) 
C(14)-C(17)  1.518(4) 
C(14)-C(15)  1.540(3) 
C(15)-C(19)  1.505(3) 
C(15)-C(18)  1.513(4) 
C(16)-H(16A)  0.972(17) 
C(16)-H(16B)  1.001(17) 
C(16)-H(16C)  0.975(17) 
C(17)-H(17A)  1.000(17) 
C(17)-H(17B)  0.972(17) 
C(17)-H(17C)  0.979(17) 
C(18)-H(18A)  0.986(17) 
C(18)-H(18B)  0.985(17) 
C(18)-H(18C)  0.999(17) 
- 574 - 
C(19)-H(19A)  1.000(17) 
C(19)-H(19B)  1.008(17) 
C(19)-H(19C)  0.999(17) 
Cl(2)-C(30)  1.741(2) 
O(5)-C(20)  1.213(3) 
O(6)-C(26)  1.433(3) 
O(6)-H(6O)  0.830(17) 
O(7)-B(2)  1.354(3) 
O(7)-C(33)  1.457(3) 
O(8)-B(2)  1.348(3) 
O(8)-C(34)  1.459(3) 
B(2)-C(24)  1.572(3) 
C(20)-C(21)  1.495(3) 
C(20)-C(25)  1.511(3) 
C(21)-C(22)  1.526(3) 
C(21)-H(21A)  0.976(16) 
C(21)-H(21B)  0.980(16) 
C(22)-C(23)  1.509(3) 
C(22)-H(22A)  0.990(16) 
C(22)-H(22B)  0.994(16) 
C(23)-C(24)  1.537(3) 
C(23)-H(23A)  1.006(16) 
- 575 - 
C(23)-H(23B)  0.988(16) 
C(24)-C(25)  1.544(3) 
C(24)-H(24)  0.987(16) 
C(25)-C(26)  1.528(3) 
C(25)-H(25)  0.978(16) 
C(26)-C(27)  1.500(3) 
C(26)-H(26)  0.988(16) 
C(27)-C(28)  1.381(3) 
C(27)-C(32)  1.385(3) 
C(28)-C(29)  1.383(3) 
C(28)-H(28)  0.952(16) 
C(29)-C(30)  1.383(3) 
C(29)-H(29)  0.945(16) 
C(30)-C(31)  1.374(3) 
C(31)-C(32)  1.376(3) 
C(31)-H(31)  0.945(16) 
C(32)-H(32)  0.940(16) 
C(33)-C(36)  1.504(4) 
C(33)-C(35)  1.504(4) 
C(33)-C(34)  1.548(3) 
C(34)-C(38)  1.503(4) 
C(34)-C(37)  1.509(4) 
- 576 - 
C(35)-H(35A)  0.987(17) 
C(35)-H(35B)  1.009(17) 
C(35)-H(35C)  0.980(17) 
C(36)-H(36A)  0.987(18) 
C(36)-H(36B)  0.979(18) 
C(36)-H(36C)  0.989(18) 
C(37)-H(37A)  0.996(18) 
C(37)-H(37B)  0.986(18) 
C(37)-H(37C)  1.003(18) 
C(38)-H(38A)  0.973(18) 
C(38)-H(38B)  1.016(18) 


















































































































































































































Symmetry transformations used to generate equivalent atoms.  
  
Table 4. Anisotropic Displacement Parameters (≈2x 103) for 5.59B [The anisotropic 
displacement factor exponent takes the form: -2π2(h2 a*2U11 + ...  + 2 h k a* b* U12).] 
________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________ 
Cl(1) 25(1)  29(1) 51(1)  -2(1) -1(1) 8(1) 
- 586 - 
O(1)34(1)  31(1) 18(1)  -1(1) 0(1)  -1(1) 
O(2)36(1)  31(1) 16(1)  -5(1) 14(1)  0(1) 
O(3)30(1)  18(1) 17(1)  -3(1) 14(1)  -7(1) 
O(4)21(1)  22(1) 16(1)  -3(1) 10(1)  -5(1) 
B(1)19(1)  15(1) 10(1)  3(1) 4(1)  5(1) 
C(1)26(1)  23(1) 12(1)  4(1) 10(1)  -3(1) 
C(2)28(2)  24(1) 26(1)  8(1) 10(1)  6(1) 
C(3)28(1)  17(1) 26(1)  4(1) 14(1)  5(1) 
C(4)24(1)  14(1) 21(1)  -1(1) 13(1)  -3(1) 
C(5)16(1)  16(1) 12(1)  -1(1) 4(1)  1(1) 
C(6)19(1)  16(1) 14(1)  1(1) 8(1)  -2(1) 
C(7)28(1)  17(1) 15(1)  -3(1) 13(1)  -3(1) 
C(8)24(1)  14(1) 20(1)  -6(1) 12(1)  0(1) 
C(9)23(1)  16(1) 24(1)  -2(1) 11(1)  -2(1) 
C(10) 28(1)  17(1) 25(1)  0(1) 9(1) 2(1) 
C(11) 20(1)  18(1) 32(2)  -6(1) 2(1) 7(1) 
C(12) 22(1)  24(1) 38(2)  -7(1) 14(1) -2(1) 
C(13) 27(1)  20(1) 27(1)  -1(1) 16(1) 0(1) 
C(14) 28(1)  20(1) 21(1)  0(1) 14(1) -7(1) 
C(15) 22(1)  24(1) 18(1)  1(1) 11(1) -4(1) 
C(16) 44(2)  27(2) 33(2)  -4(1) 27(1) -4(1) 
C(17) 38(2)  33(2) 20(1)  7(1) 12(1) -1(1) 
- 587 - 
C(18) 23(2)  44(2) 34(2)  0(1) 6(1) -6(1) 
C(19) 42(2)  25(1) 33(2)  -6(1) 23(1) -9(1) 
Cl(2) 22(1)  36(1) 21(1)  4(1) 7(1) 5(1) 
O(5)38(1)  64(1) 24(1)  23(1) 2(1)  -13(1) 
O(6)29(1)  44(1) 16(1)  -3(1) 13(1)  -10(1) 
O(7)46(1)  17(1) 22(1)  -2(1) 22(1)  -2(1) 
O(8)46(1)  16(1) 26(1)  2(1) 22(1)  2(1) 
B(2)14(1)  20(1) 13(1)  3(1) 2(1)  0(1) 
C(20) 30(1)  32(1) 11(1)  -2(1) 8(1) -6(1) 
C(21) 23(1)  31(1) 18(1)  -1(1) 4(1) -3(1) 
C(22) 19(1)  23(1) 22(1)  -3(1) 7(1) -2(1) 
C(23) 20(1)  18(1) 19(1)  -1(1) 10(1) -3(1) 
C(24) 16(1)  18(1) 13(1)  0(1) 6(1) -1(1) 
C(25) 20(1)  19(1) 12(1)  -2(1) 7(1) -5(1) 
C(26) 24(1)  25(1) 12(1)  0(1) 10(1) -5(1) 
C(27) 18(1)  22(1) 17(1)  -2(1) 12(1) -5(1) 
C(28) 27(1)  22(1) 19(1)  -7(1) 14(1) -9(1) 
C(29) 25(1)  20(1) 25(1)  0(1) 17(1) 1(1) 
C(30) 18(1)  28(1) 17(1)  1(1) 8(1) -1(1) 
C(31) 24(1)  21(1) 20(1)  -3(1) 11(1) -6(1) 
C(32) 21(1)  19(1) 20(1)  0(1) 11(1) 0(1) 
C(33) 33(1)  14(1) 18(1)  -2(1) 9(1) 3(1) 
- 588 - 
C(34) 43(2)  18(1) 25(1)  0(1) 18(1) 7(1) 
C(35) 50(2)  32(2) 38(2)  -7(1) 28(2) 1(1) 
C(36) 51(2)  44(2) 25(2)  -10(1) 1(2) 21(2) 
C(37) 76(3)  48(2) 35(2)  12(2) 14(2) 37(2) 
C(38) 84(3)  22(2) 72(3)  -14(2) 50(2) -15(2) 
 
Table 5. Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (≈2x 10 
3) for 5.59B 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
H(2O) 13397(17) -3167(9) 13430(30) 39 
H(2A) 14099(19) -4358(7) 12510(30) 31 
H(2B) 15405(16) -4230(8) 12890(20) 31 
H(3A) 15185(17) -4136(7) 10450(20) 27 
H(3B) 14710(20) -4579(5) 10630(30) 27 
H(4A) 12834(17) -4331(6) 9820(20) 22 
H(4B) 13391(19) -4217(7) 8634(18) 22 
H(5) 12438(15) -3640(7) 9060(20) 18 
H(6) 12563(17) -3789(6) 11440(20) 19 
H(7) 13473(17) -2976(6) 11410(20) 22 
H(9) 12396(16) -2630(7) 9260(20) 24 
- 589 - 
H(10) 10680(20) -2449(7) 7580(20) 28 
H(12) 8985(17) -3178(7) 9520(30) 32 
H(13) 10730(20) -3361(7) 11210(20) 27 
H(16A) 15300(20) -3508(8) 6060(20) 47 
H(16B) 16180(20) -3602(7) 7630(30) 47 
H(16C) 16200(20) -3162(7) 6850(30) 47 
H(17A) 13540(20) -3148(7) 5730(20) 45 
H(17B) 14300(20) -2739(7) 6150(30) 45 
H(17C) 13410(20) -2830(8) 6950(30) 45 
H(18A) 16670(20) -3044(8) 10930(20) 51 
H(18B) 17090(20) -3076(9) 9570(30) 51 
H(18C) 16480(20) -3474(6) 9990(30) 51 
H(19A) 15820(20) -2403(8) 9910(20) 47 
H(19B) 14681(17) -2397(8) 8500(30) 47 
H(19C) 15970(20) -2457(8) 8350(30) 47 
H(6O) 10592(19) -4324(9) 90(30) 42 
H(21A) 7640(20) -4952(6) -110(20) 30 
H(21B) 7029(18) -4514(7) -290(20) 30 
H(22A) 7230(20) -4518(6) 2160(20) 25 
H(22B) 6675(16) -4947(7) 1560(20) 25 
H(23A) 8536(19) -5267(6) 2400(20) 22 
H(23B) 8231(19) -5048(7) 3710(20) 22 
- 590 - 
H(24) 10120(16) -4884(6) 3790(20) 19 
H(25) 9914(19) -4925(5) 1430(20) 21 
H(26) 10580(20) -4090(5) 1980(20) 23 
H(28) 12038(19) -5085(6) 2830(20) 25 
H(29) 13633(19) -5202(6) 4850(30) 26 
H(31) 13558(19) -4010(6) 6030(20) 25 
H(32) 11944(19) -3899(6) 4030(20) 23 
H(35A) 8130(30) -4038(8) 7020(30) 55 
H(35B) 7341(19) -3883(9) 5420(30) 55 
H(35C) 8140(30) -3566(6) 6650(30) 55 
H(36A) 10070(30) -4166(8) 7620(30) 65 
H(36B) 10320(30) -3670(7) 7480(30) 65 
H(36C) 10850(20) -3997(10) 6720(30) 65 
H(37A) 8130(30) -3353(10) 2720(30) 81 
H(37B) 7700(30) -3286(9) 4100(30) 81 
H(37C) 7470(30) -3727(9) 3360(40) 81 
H(38A) 10000(30) -3150(10) 4080(30) 80 
H(38B) 10790(20) -3409(11) 5470(30) 80 
H(38C) 9760(30) -3096(9) 5530(30) 80 
 
Table 6. Torsion Angles [∞] for 5.59B 
________________________________________________________________  



















































































































- 596 - 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms.  
  
Table 7. Hydrogen Bonds for 5.59B [≈ and ∞] 
________________________________________________________________________  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 O(2)-H(2O)...O(1) 0.844(17) 2.11(2) 2.781(2) 136(3) 
 O(6)-H(6O)...O(5) 0.830(17) 2.11(2) 2.782(3) 138(3) 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms. 
  
 Crystal data of product (5.59C) of tandem conjugate boron addition/aldol 
reaction with p-bromobenzaldehyde 
 
 
- 597 - 
Table 1. Crystal data and structure refinement for 5.59C 
Identification code  5.59C 
Empirical formula  C19 H26 B Br O4 
Formula weight  409.12 
Temperature  100(2) K 
Wavelength  0.71073 ≈ 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 12.509(3) ≈ α= 90∞ 
 b = 32.442(7) ≈ β= 108.603(3)∞ 
 c = 9.963(2) ≈ γ = 90∞ 
Volume 3832.0(15) ≈3 
Z 8 
Density (calculated) 1.418 Mg/m3 
Absorption coefficient 2.165 mm-1 
F(000) 1696 
Crystal size 0.12 x 0.04 x 0.02 mm3 
Theta range for data collection 1.72 to 28.31∞. 
Index ranges -16<=h<=16, -43<=k<=42, -13<=l<=13 
Reflections collected 46848 
Independent reflections 9443 [R(int) = 0.0370] 
Completeness to theta = 28.31∞ 98.9 %  
- 598 - 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9580 and 0.7811 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9443 / 52 / 607 
Goodness-of-fit on F2 1.033 
Final R indices [I>2sigma(I)] R1 = 0.0323, wR2 = 0.0730 
R indices (all data) R1 = 0.0432, wR2 = 0.0777 
Extinction coefficient na 
Largest diff. peak and hole 0.581 and -0.252 e.≈-3 
 
Table 2. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
(≈2x 103) for 5.59C (U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor.) 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________ 
Br(1) 3328(1) 2628(1) 7135(1) 30(1) 
B(1) 8980(2) 3436(1) 9199(2) 14(1) 
O(1) 9787(1) 3510(1) 13309(1) 26(1) 
O(2) 7738(1) 3103(1) 12874(1) 23(1) 
O(3) 9183(1) 3548(1) 7980(1) 17(1) 
O(4) 9539(1) 3086(1) 9790(1) 16(1) 
- 599 - 
C(1) 9246(2) 3737(1) 12361(2) 18(1) 
C(2) 9621(2) 4172(1) 12222(2) 23(1) 
C(3) 9562(2) 4278(1) 10702(2) 21(1) 
C(4) 8420(2) 4164(1) 9659(2) 17(1) 
C(5) 8165(1) 3703(1) 9764(2) 13(1) 
C(6) 8144(1) 3605(1) 11277(2) 14(1) 
C(7) 7848(2) 3157(1) 11494(2) 15(1) 
C(8) 6747(2) 3028(1) 10430(2) 16(1) 
C(9) 6723(2) 2758(1) 9338(2) 17(1) 
C(10) 5712(2) 2642(1) 8347(2) 21(1) 
C(11) 4719(2) 2798(1) 8466(2) 21(1) 
C(12) 4709(2) 3067(1) 9533(2) 23(1) 
C(13) 5729(2) 3182(1) 10515(2) 20(1) 
C(14) 9789(2) 3209(1) 7584(2) 16(1) 
C(15) 10342(1) 2993(1) 9027(2) 16(1) 
C(16) 10617(2) 3386(1) 6915(2) 25(1) 
C(17) 8904(2) 2946(1) 6539(2) 24(1) 
C(18) 11452(2) 3182(1) 9891(2) 26(1) 
C(19) 10453(2) 2529(1) 8942(2) 24(1) 
Br(2) 9982(1) 334(1) 12176(1) 22(1) 
B(2) 4315(2) 670(1) 8970(2) 15(1) 
O(5) 3866(1) 771(1) 4787(2) 41(1) 
- 600 - 
O(6) 6151(1) 575(1) 5707(1) 26(1) 
O(7) 3952(1) 652(1) 10122(1) 23(1) 
O(8) 4506(1) 1060(1) 8612(1) 21(1) 
C(20) 3758(2) 504(1) 5589(2) 22(1) 
C(21) 2632(2) 305(1) 5393(2) 23(1) 
C(22) 2404(2) 214(1) 6781(2) 20(1) 
C(23) 3405(2) -1(1) 7827(2) 18(1) 
C(24) 4468(1) 270(1) 8154(2) 14(1) 
C(25) 4766(2) 343(1) 6782(2) 16(1) 
C(26) 5791(2) 620(1) 6936(2) 17(1) 
C(27) 6798(1) 536(1) 8222(2) 16(1) 
C(28) 7242(2) 855(1) 9169(2) 17(1) 
C(29) 8184(2) 796(1) 10347(2) 19(1) 
C(30) 8682(1) 412(1) 10567(2) 18(1) 
C(31) 8253(2) 86(1) 9661(2) 20(1) 
C(32) 7313(2) 151(1) 8484(2) 20(1) 
C(33) 4065(2) 1064(1) 10746(2) 20(1) 
C(34) 4106(2) 1343(1) 9489(2) 20(1) 
C(35) 4919(2) 1703(1) 9885(3) 37(1) 
C(36) 2954(2) 1491(1) 8575(2) 35(1) 
C(37) 5153(2) 1062(1) 11979(2) 36(1) 
C(38) 3073(2) 1140(1) 11270(2) 31(1) 
- 601 - 
 
Table 3. Bond lengths [≈] and angles [∞] for 5.59C 
_____________________________________________________  
Br(1)-C(11)  1.9008(19) 
B(1)-O(4)  1.364(2) 
B(1)-O(3)  1.367(2) 
B(1)-C(5)  1.573(2) 
O(1)-C(1)  1.218(2) 
O(2)-C(7)  1.435(2) 
O(2)-H(2O)  0.814(16) 
O(3)-C(14)  1.460(2) 
O(4)-C(15)  1.4712(19) 
C(1)-C(2)  1.507(3) 
C(1)-C(6)  1.517(2) 
C(2)-C(3)  1.532(3) 
C(2)-H(2A)  0.977(16) 
C(2)-H(2B)  0.989(15) 
C(3)-C(4)  1.519(3) 
C(3)-H(3A)  0.984(15) 
C(3)-H(3B)  0.992(15) 
C(4)-C(5)  1.540(2) 
C(4)-H(4A)  0.957(15) 
- 602 - 
C(4)-H(4B)  0.995(15) 
C(5)-C(6)  1.549(2) 
C(5)-H(5)  0.977(15) 
C(6)-C(7)  1.533(2) 
C(6)-H(6)  0.985(14) 
C(7)-C(8)  1.505(2) 
C(7)-H(7)  0.978(15) 
C(8)-C(9)  1.390(2) 
C(8)-C(13)  1.394(2) 
C(9)-C(10)  1.386(3) 
C(9)-H(9)  0.934(15) 
C(10)-C(11)  1.380(3) 
C(10)-H(10)  0.941(15) 
C(11)-C(12)  1.380(3) 
C(12)-C(13)  1.388(3) 
C(12)-H(12)  0.948(15) 
C(13)-H(13)  0.943(15) 
C(14)-C(16)  1.513(3) 
C(14)-C(17)  1.519(3) 
C(14)-C(15)  1.550(2) 
C(15)-C(18)  1.512(3) 
C(15)-C(19)  1.516(3) 
- 603 - 
C(16)-H(16A)  0.956(16) 
C(16)-H(16B)  0.968(16) 
C(16)-H(16C)  0.989(16) 
C(17)-H(17A)  0.976(16) 
C(17)-H(17B)  0.969(16) 
C(17)-H(17C)  0.970(16) 
C(18)-H(18A)  0.975(16) 
C(18)-H(18B)  0.964(16) 
C(18)-H(18C)  0.968(16) 
C(19)-H(19A)  0.959(16) 
C(19)-H(19B)  0.964(16) 
C(19)-H(19C)  0.974(16) 
Br(2)-C(30)  1.9008(18) 
B(2)-O(8)  1.357(2) 
B(2)-O(7)  1.363(2) 
B(2)-C(24)  1.575(3) 
O(5)-C(20)  1.214(2) 
O(6)-C(26)  1.441(2) 
O(6)-H(6O)  0.816(16) 
O(7)-C(33)  1.462(2) 
O(8)-C(34)  1.462(2) 
C(20)-C(21)  1.505(3) 
- 604 - 
C(20)-C(25)  1.523(3) 
C(21)-C(22)  1.528(3) 
C(21)-H(21A)  0.976(15) 
C(21)-H(21B)  0.966(16) 
C(22)-C(23)  1.518(3) 
C(22)-H(22A)  0.971(15) 
C(22)-H(22B)  0.975(15) 
C(23)-C(24)  1.541(2) 
C(23)-H(23A)  0.976(15) 
C(23)-H(23B)  0.983(15) 
C(24)-C(25)  1.545(2) 
C(24)-H(24)  0.968(15) 
C(25)-C(26)  1.533(2) 
C(25)-H(25)  0.981(15) 
C(26)-C(27)  1.509(2) 
C(26)-H(26)  0.977(15) 
C(27)-C(32)  1.391(3) 
C(27)-C(28)  1.393(2) 
C(28)-C(29)  1.386(3) 
C(28)-H(28)  0.957(15) 
C(29)-C(30)  1.381(3) 
C(29)-H(29)  0.950(15) 
- 605 - 
C(30)-C(31)  1.381(3) 
C(31)-C(32)  1.386(3) 
C(31)-H(31)  0.950(15) 
C(32)-H(32)  0.955(15) 
C(33)-C(38)  1.513(3) 
C(33)-C(37)  1.514(3) 
C(33)-C(34)  1.561(2) 
C(34)-C(35)  1.514(3) 
C(34)-C(36)  1.516(3) 
C(35)-H(35A)  0.991(17) 
C(35)-H(35B)  0.978(17) 
C(35)-H(35C)  0.982(17) 
C(36)-H(36A)  0.979(17) 
C(36)-H(36B)  0.969(17) 
C(36)-H(36C)  0.981(17) 
C(37)-H(37A)  0.986(17) 
C(37)-H(37B)  0.974(17) 
C(37)-H(37C)  0.956(17) 
C(38)-H(38A)  0.975(16) 
C(38)-H(38B)  0.984(17) 
C(38)-H(38C)  0.978(16) 
 















































































































































































































- 615 - 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms.  
  
Table 4. Anisotropic displacement parameters  (≈2x 103) for 5.59C [The anisotropic 
displacement factor exponent takes the form:  -2π2(h2 a*2U11 + ...  + 2 h k a* b*U12)] 
________________________________________________________________________ 
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________ 
Br(1) 19(1)  23(1) 41(1)  2(1) 0(1) -5(1) 
B(1)13(1)  14(1) 12(1)  -2(1) 2(1)  -2(1) 
O(1)28(1)  28(1) 18(1)  1(1) -1(1)  1(1) 
O(2)30(1)  26(1) 14(1)  4(1) 10(1)  -2(1) 
O(3)23(1)  15(1) 15(1)  2(1) 10(1)  6(1) 
O(4)17(1)  18(1) 13(1)  3(1) 8(1)  5(1) 
C(1)20(1)  20(1) 14(1)  -4(1) 8(1)  0(1) 
C(2)25(1)  22(1) 21(1)  -6(1) 7(1)  -4(1) 
C(3)24(1)  16(1) 25(1)  -3(1) 12(1)  -3(1) 
C(4)20(1)  14(1) 22(1)  2(1) 12(1)  2(1) 
C(5)13(1)  14(1) 12(1)  2(1) 4(1)  0(1) 
C(6)16(1)  14(1) 12(1)  0(1) 6(1)  2(1) 
C(7)19(1)  16(1) 13(1)  2(1) 8(1)  1(1) 
C(8)19(1)  14(1) 18(1)  5(1) 8(1)  -1(1) 
- 616 - 
C(9)18(1)  16(1) 20(1)  2(1) 8(1)  1(1) 
C(10) 23(1)  16(1) 24(1)  0(1) 7(1) -1(1) 
C(11) 17(1)  17(1) 26(1)  4(1) 3(1) -5(1) 
C(12) 18(1)  19(1) 36(1)  3(1) 12(1) 1(1) 
C(13) 23(1)  17(1) 25(1)  -1(1) 13(1) 0(1) 
C(14) 20(1)  17(1) 13(1)  0(1) 8(1) 4(1) 
C(15) 16(1)  18(1) 14(1)  0(1) 8(1) 3(1) 
C(16) 32(1)  24(1) 26(1)  3(1) 19(1) 3(1) 
C(17) 27(1)  30(1) 15(1)  -7(1) 6(1) 0(1) 
C(18) 16(1)  32(1) 28(1)  -2(1) 4(1) 2(1) 
C(19) 31(1)  18(1) 26(1)  3(1) 15(1) 7(1) 
Br(2) 18(1)  29(1) 20(1)  2(1) 6(1) 4(1) 
B(2)15(1)  17(1) 13(1)  1(1) 3(1)  0(1) 
O(5)32(1)  61(1) 24(1)  20(1) 1(1)  -14(1) 
O(6)25(1)  42(1) 15(1)  -4(1) 11(1)  -11(1) 
O(7)41(1)  14(1) 20(1)  -1(1) 18(1)  0(1) 
O(8)31(1)  15(1) 20(1)  2(1) 14(1)  1(1) 
C(20) 23(1)  29(1) 13(1)  -1(1) 5(1) -5(1) 
C(21) 18(1)  27(1) 20(1)  0(1) 1(1) -5(1) 
C(22) 16(1)  22(1) 24(1)  -2(1) 7(1) -3(1) 
C(23) 18(1)  16(1) 20(1)  -1(1) 10(1) -3(1) 
C(24) 16(1)  14(1) 12(1)  1(1) 5(1) -1(1) 
- 617 - 
C(25) 17(1)  19(1) 13(1)  -3(1) 7(1) -4(1) 
C(26) 19(1)  21(1) 12(1)  -2(1) 8(1) -6(1) 
C(27) 16(1)  20(1) 15(1)  -2(1) 9(1) -5(1) 
C(28) 18(1)  16(1) 19(1)  -2(1) 8(1) -2(1) 
C(29) 19(1)  20(1) 18(1)  -5(1) 7(1) -4(1) 
C(30) 14(1)  24(1) 17(1)  1(1) 7(1) -1(1) 
C(31) 23(1)  18(1) 23(1)  -2(1) 14(1) 1(1) 
C(32) 24(1)  19(1) 20(1)  -6(1) 12(1) -5(1) 
C(33) 30(1)  15(1) 16(1)  0(1) 8(1) 4(1) 
C(34) 26(1)  15(1) 20(1)  1(1) 10(1) 4(1) 
C(35) 48(1)  19(1) 52(2)  -8(1) 27(1) -7(1) 
C(36) 41(1)  33(1) 28(1)  7(1) 5(1) 16(1) 
C(37) 44(1)  38(1) 18(1)  -8(1) -1(1) 18(1) 
C(38) 44(1)  25(1) 31(1)  -4(1) 24(1) 2(1) 
________________________________________________________________________  
 
Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (≈2x 10 
3) for 5.59C 
________________________________________________________________________ 
 x  y  z  U(eq) 
________________________________________________________________________ 
  
- 618 - 
H(2O) 8355(15) 3159(8) 13430(20) 34 
H(2A) 10367(14) 4220(7) 12910(20) 27 
H(2B) 9097(17) 4352(6) 12510(20) 27 
H(3A) 9741(18) 4571(5) 10640(20) 25 
H(3B) 10154(16) 4131(6) 10420(20) 25 
H(4A) 8407(17) 4217(6) 8708(17) 20 
H(4B) 7821(15) 4324(6) 9890(20) 20 
H(5) 7415(13) 3647(6) 9101(18) 16 
H(6) 7555(15) 3783(6) 11430(20) 16 
H(7) 8448(15) 2979(6) 11390(20) 18 
H(9) 7391(15) 2644(6) 9280(20) 21 
H(10) 5719(19) 2459(6) 7620(20) 25 
H(12) 4025(15) 3169(7) 9620(20) 28 
H(13) 5724(18) 3372(6) 11230(20) 25 
H(16A) 10232(19) 3507(7) 6014(19) 37 
H(16B) 11111(18) 3171(6) 6790(30) 37 
H(16C) 11089(19) 3605(6) 7510(20) 37 
H(17A) 8481(19) 3122(7) 5760(20) 36 
H(17B) 8378(18) 2827(7) 6970(20) 36 
H(17C) 9250(20) 2726(6) 6170(20) 36 
H(18A) 11640(20) 3081(7) 10860(19) 39 
H(18B) 11420(20) 3479(5) 9910(30) 39 
- 619 - 
H(18C) 12044(18) 3101(7) 9510(30) 39 
H(19A) 10817(19) 2425(7) 9878(19) 36 
H(19B) 10943(18) 2475(7) 8390(20) 36 
H(19C) 9714(15) 2405(7) 8510(20) 36 
H(6O) 5618(17) 664(8) 5070(20) 39 
H(21A) 2645(18) 47(5) 4890(20) 27 
H(21B) 2083(16) 479(6) 4730(20) 27 
H(22A) 2239(18) 471(5) 7170(20) 24 
H(22B) 1714(14) 52(6) 6580(20) 24 
H(23A) 3527(18) -266(5) 7440(20) 21 
H(23B) 3238(17) -55(6) 8710(18) 21 
H(24) 5095(14) 119(6) 8786(19) 17 
H(25) 4928(17) 77(5) 6420(20) 19 
H(26) 5557(17) 907(5) 6960(20) 20 
H(28) 6899(17) 1122(5) 8990(20) 21 
H(29) 8456(17) 1017(6) 10990(20) 23 
H(31) 8584(17) -180(5) 9840(20) 24 
H(32) 7013(17) -71(6) 7840(20) 23 
H(35A) 4920(20) 1850(8) 9010(20) 55 
H(35B) 5691(16) 1610(9) 10370(30) 55 
H(35C) 4720(20) 1895(8) 10530(30) 55 
H(36A) 3060(20) 1621(8) 7740(20) 53 
- 620 - 
H(36B) 2640(20) 1697(7) 9050(30) 53 
H(36C) 2430(20) 1256(7) 8310(30) 53 
H(37A) 5120(20) 845(7) 12650(30) 54 
H(37B) 5260(20) 1327(6) 12460(30) 54 
H(37C) 5811(18) 1019(9) 11710(30) 54 
H(38A) 3120(20) 962(7) 12080(20) 46 
H(38B) 2344(16) 1087(8) 10540(20) 46 
H(38C) 3100(20) 1424(6) 11610(30) 46 
 






















































































































Symmetry transformations used to generate equivalent atoms.  
  
Table 7. Hydrogen bonds for 5.59C [≈ and ∞]. 
________________________________________________________________________ 
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________ 
 O(2)-H(2O)...O(1) 0.814(16) 2.16(2) 2.791(2) 135(2) 
 O(6)-H(6O)...O(5) 0.816(16) 2.15(2) 2.783(2) 135(2) 
________________________________________________________________________ 
Symmetry transformations used to generate equivalent atoms.  
- 626 - 
 





 C                 -3.01073700   -0.54365300    0.57131400 
 C                 -3.01052300    0.54369600   -0.57142200 
 B                 -0.85163400   -0.00043600   -0.00010100 
 O                 -1.61740200    0.52944700   -1.01334700 
 O                 -1.61762400   -0.53007800    1.01317000 
 C                 -3.29346800    1.96454800   -0.06666400 
 H                 -3.08677500    2.67335100   -0.87297600 
 H                 -4.33827900    2.08319600    0.23626300 
 H                 -2.65318400    2.22253400    0.78129200 
 C                 -3.89981100    0.22580900   -1.77119100 
 H                 -4.95139600    0.16829400   -1.47038000 
 H                 -3.80418900    1.01975300   -2.51715000 
 H                 -3.61958300   -0.71679100   -2.24402800 
- 627 - 
 C                 -3.89977600   -0.22534300    1.77116400 
 H                 -4.95141200   -0.16777600    1.47051700 
 H                 -3.80411600   -1.01912800    2.51728700 
 H                 -3.61936700    0.71732200    2.24373500 
 C                 -3.29440000   -1.96436700    0.06659200 
 H                 -3.08798600   -2.67325800    0.87290300 
 H                 -4.33930300   -2.08253000   -0.23624300 
 H                 -2.65431700   -2.22266100   -0.78141300 
 C                  3.01084400   -0.57803600   -0.53596100 
 C                  3.01055100    0.57814600    0.53617300 
 B                  0.85184700   -0.00039100    0.00002500 
 O                  1.61774000    1.02108200    0.51413000 
 O                  1.61826300   -1.02154600   -0.51403000 
 C                  3.90153700    1.77279800    0.20436700 
 H                  3.80767800    2.52788400    0.98987100 
 H                  4.95261000    1.46965300    0.14967700 
 H                  3.62133100    2.23550100   -0.74327000 
 C                  3.29097500    0.09072200    1.96355000 
 H                  4.33614900   -0.20869000    2.08832500 
 H                  3.08081500    0.90478900    2.66239100 
 H                  2.65188300   -0.75563300    2.22973900 
 C                  3.29147200   -0.09063000   -1.96337000 
- 628 - 
 H                  4.33503800    0.21489900   -2.08630200 
 H                  3.08781600   -0.90662700   -2.66190700 
 H                  2.64785700    0.75160500   -2.23173700 
 C                  3.90245900   -1.77227800   -0.20432500 
 H                  3.80160400   -2.53097600   -0.98545600 
 H                  4.95429000   -1.47010100   -0.15910800 
 H                  3.62923200   -2.23018700    0.74760800 
   Item                               Value    Threshold Converged? 
 Maximum Force                   0.000084 0.000450      YES 
 RMS Force                            0.000016 0.000300      YES 
 Maximum Displacement       0.000121 0.001800      YES 
 RMS Displacement               0.000027 0.001200       YES 
 Predicted change in Energy=-1.921522D-05 
 Optimization completed. 
    -- Stationary point found. 
Charges: 
 APT atomic charges: 
              1 
     1 C 0.457016 
     2 C 0.457035 
     3 B 0.944738 
     4 O -0.882293 
- 629 - 
     5 O -0.882291 
     6 C -0.017826 
     7 H -0.001514 
     8 H -0.014193 
     9 H -0.001290 
    10 C 0.007771 
    11 H -0.015234 
    12 H -0.004848 
    13 H 0.000153 
    14 C 0.007773 
    15 H -0.015243 
    16 H -0.004838 
    17 H 0.000149 
    18 C -0.017822 
    19 H -0.001514 
    20 H -0.014204 
    21 H -0.001291 
    22 C 0.456826 
    23 C 0.456876 
    24 B 0.944017 
    25 O -0.882153 
    26 O -0.882177 
- 630 - 
    27 C 0.007929 
    28 H -0.004917 
    29 H -0.015246 
    30 H 0.000192 
    31 C -0.017813 
    32 H -0.014238 
    33 H -0.001493 
    34 H -0.001229 
    35 C -0.017809 
    36 H -0.014170 
    37 H -0.001634 
    38 H -0.001200 
    39 C 0.007871 
    40 H -0.004717 
    41 H -0.015266 
    42 H 0.000117 
 Sum of APT charges= 0.00000 
 Thermochemistry: 
 Zero-point correction= 0.363847 (Hartree/Particle) 
 Thermal correction to Energy= 0.383655 
 Thermal correction to Enthalpy= 0.384600 
 Thermal correction to Gibbs Free Energy= 0.316925 
- 631 - 
 Sum of electronic and zero-point Energies= -822.220336 
 Sum of electronic and thermal Energies= -822.200528 
 Sum of electronic and thermal Enthalpies= -822.199583 
 Sum of electronic and thermal Free Energies= -822.267258 
 
NMR Calculation for B2(pin)2  
(GIAO at B3LYP/6-311+G(2d,p), gas phase, B2H6 (0 ppm) as reference) 
 
δ (ppm) 71.6 ppm 
  
  3 B Isotropic = 71.6268 Anisotropy = 22.4592 
   XX= 72.8443 YX= -0.0008 ZX= 0.0007 
   XY= -0.0011 YY= 57.7366 ZY= 8.8990 
   XZ= 0.0001 YZ= 7.3966 ZZ= 84.2995 
   Eigenvalues: 55.4365 72.8443 86.5996 
 24 B Isotropic = 71.6268 Anisotropy = 22.4568 
   XX= 72.8454 YX= 0.0002 ZX= 0.0002 
   XY= 0.0002 YY= 57.7673 ZY= 8.9395 
   XZ= -0.0003 YZ= 7.4538 ZZ= 84.2676 
   Eigenvalues: 55.4370 72.8454 86.5979 
 
NHC-B2(pin)2 complex (Scheme 5.4.3) 
- 632 - 
 
Coordinates: 
 C                  0.00965700   -1.06114100   -0.66457600 
 C                  0.67757700   -1.94137100   -2.63239700 
 C                 -0.67829500   -1.94230200   -2.62352800 
 N                 -1.07559600   -1.40012400   -1.40946100 
 H                  1.37337600   -2.28300700   -3.38071000 
 H                 -1.38286100   -2.28095400   -3.36488700 
 N                  1.08807500   -1.39831600   -1.42334700 
 C                 -2.48872300   -1.17153100   -1.03165500 
 C                 -3.14274700   -0.13939400   -1.96458000 
 C                 -3.27668600   -2.49108300   -0.99690200 
 H                 -2.44847100   -0.77133800   -0.01785000 
 C                 -4.60149000    0.10921600   -1.54846200 
 H                 -3.11948300   -0.50574700   -3.00129600 
 H                 -2.56192700    0.78777800   -1.93123500 
- 633 - 
 C                 -4.73547400   -2.23327700   -0.58458800 
 H                 -3.25956600   -2.96821700   -1.98740700 
 H                 -2.79588200   -3.18387500   -0.29726800 
 C                 -5.40783800   -1.19753400   -1.49873800 
 H                 -5.06844800    0.82083700   -2.23943000 
 H                 -4.61509300    0.58142400   -0.55675300 
 H                 -5.29573000   -3.17540900   -0.59539500 
 H                 -4.75395200   -1.86991300    0.45175100 
 H                 -6.43074400   -0.99979800   -1.15725900 
 H                 -5.49232500   -1.61087200   -2.51430000 
 C                  2.50271500   -1.16252300   -1.05884600 
 C                  3.30622700   -2.47271300   -1.06103100 
 C                  3.14104300   -0.11018100   -1.98102100 
 H                  2.47254400   -0.78444200   -0.03511400 
 C                  4.76427800   -2.20760000   -0.65076700 
 H                  3.28890700   -2.92389600   -2.06350100 
 H                  2.83658200   -3.18826000   -0.37761700 
 C                  4.59867700    0.15253700   -1.56912000 
 H                  3.11484500   -0.46277000   -3.02207200 
 H                  2.55369300    0.81393500   -1.94239800 
 C                  5.42076900   -1.14520600   -1.54578100 
 H                  5.33457600   -3.14301300   -0.68585900 
- 634 - 
 H                  4.78502600   -1.86682700    0.39305500 
 H                  5.05162900    0.88025400   -2.25236600 
 H                  4.61226800    0.60966800   -0.57056100 
 H                  6.44118800   -0.93998100   -1.20172500 
 H                  5.50920700   -1.53726800   -2.56928200 
 B                  0.04920300   -0.21150700    0.78593000 
 O                  1.18654800   -0.64264900    1.62815400 
 O                 -1.16376600   -0.56072800    1.58197100 
 C                  0.69499200   -1.45067100    2.70174000 
 C                 -0.75502900   -0.87816700    2.91788800 
 C                  0.68573400   -2.92771100    2.26252900 
 H                  1.69591900   -3.20853300    1.94679700 
 H                  0.38848700   -3.60094900    3.07375600 
 H                  0.00749200   -3.08557700    1.41893100 
 C                  1.63357100   -1.28355200    3.89963700 
 H                  1.24536100   -1.80073200    4.78491900 
 H                  2.61432600   -1.70983900    3.66432900 
 H                  1.77601400   -0.22842000    4.14053100 
 C                 -1.75885200   -1.87162200    3.51063500 
 H                 -1.44352300   -2.20849300    4.50493500 
 H                 -2.73571400   -1.38864700    3.61610600 
 H                 -1.88385200   -2.74822400    2.87081800 
- 635 - 
 C                 -0.75797100    0.41123100    3.75991200 
 H                 -1.75151300    0.86638600    3.69543300 
 H                 -0.54482000    0.21296900    4.81605800 
 H                 -0.02721500    1.13044100    3.38327800 
 B                  0.09664000    1.48821500    0.37722800 
 O                  0.66850800    2.48429200    1.15265600 
 O                 -0.52081900    2.04488800   -0.74352400 
 C                 -0.57313500    3.49104300   -0.58318600 
 C                  0.58980400    3.75157400    0.44630200 
 C                 -0.38964900    4.14289700   -1.95277100 
 H                 -1.22799900    3.87338800   -2.60219400 
 H                 -0.36775500    5.23477100   -1.86685800 
 H                  0.53060200    3.81387300   -2.43891800 
 C                 -1.96465800    3.82779100   -0.02795100 
 H                 -2.10902900    4.90772100    0.07766800 
 H                 -2.72333100    3.44784300   -0.71832100 
 H                 -2.12813100    3.35668500    0.94501800 
 C                  0.32271500    4.86003100    1.46391000 
 H                  1.17121200    4.93566000    2.15008700 
 H                  0.20147700    5.82893300    0.96668200 
 H                 -0.57063500    4.65698300    2.05681700 
 C                  1.95565500    3.97819300   -0.21795500 
- 636 - 
 H                  2.00714800    4.94864100   -0.72211900 
 H                  2.73080100    3.94856400    0.55266100 
 H                  2.17778700    3.19575900   -0.94932800 
         Item                          Value      Threshold Converged? 
 Maximum Force              0.000363 0.000450       YES 
 RMS Force                       0.000063 0.000300       YES 
 Maximum Displacement  0.001600 0.001800       YES 
 RMS Displacement           0.000376 0.001200       YES 
 Predicted change in Energy=-1.306674D-05 
 Optimization completed. 
    -- Stationary point found. 
Charges: 
 APT atomic charges: 
              1 
     1 C 0.239477 
     2 C -0.022846 
     3 C -0.025271 
     4 N -0.405251 
     5 H 0.085011 
     6 H 0.085882 
     7 N -0.415910 
     8 C 0.338745 
- 637 - 
     9 C 0.042908 
    10 C 0.061738 
    11 H 0.077023 
    12 C 0.118353 
    13 H -0.048187 
    14 H -0.000368 
    15 C 0.119326 
    16 H -0.043747 
    17 H -0.029915 
    18 C 0.116066 
    19 H -0.061653 
    20 H -0.034698 
    21 H -0.064978 
    22 H -0.033356 
    23 H -0.060536 
    24 H -0.050505 
    25 C 0.332907 
    26 C 0.061129 
    27 C 0.063614 
    28 H 0.075813 
    29 C 0.119304 
    30 H -0.043024 
- 638 - 
    31 H -0.025674 
    32 C 0.114764 
    33 H -0.046517 
    34 H -0.035845 
    35 C 0.115960 
    36 H -0.063610 
    37 H -0.031418 
    38 H -0.060052 
    39 H -0.030965 
    40 H -0.058424 
    41 H -0.049701 
    42 B 0.897901 
    43 O -0.918245 
    44 O -0.942598 
    45 C 0.459686 
    46 C 0.492291 
    47 C -0.003397 
    48 H -0.029147 
    49 H -0.038558 
    50 H -0.015409 
    51 C 0.021325 
    52 H -0.031186 
- 639 - 
    53 H -0.026326 
    54 H -0.001427 
    55 C 0.013938 
    56 H -0.030903 
    57 H -0.019731 
    58 H -0.014935 
    59 C -0.023365 
    60 H -0.018656 
    61 H -0.042969 
    62 H 0.023368 
    63 B 0.776802 
    64 O -0.848771 
    65 O -0.846532 
    66 C 0.433846 
    67 C 0.436470 
    68 C 0.016845 
    69 H -0.010442 
    70 H -0.022220 
    71 H -0.005071 
    72 C -0.010202 
    73 H -0.023918 
    74 H -0.011098 
- 640 - 
    75 H 0.003480 
    76 C 0.013842 
    77 H -0.006597 
    78 H -0.024456 
    79 H -0.001207 
    80 C -0.002330 
    81 H -0.026650 
    82 H -0.002096 
    83 H -0.016924 
 Sum of APT charges= 0.00000 
Thermochemistry: 
 Zero-point correction= 0.738560 (Hartree/Particle) 
 Thermal correction to Energy= 0.775055 
 Thermal correction to Enthalpy= 0.776000 
 Thermal correction to Gibbs Free Energy= 0.670890 
 Sum of electronic and zero-point Energies= -1517.423498 
 Sum of electronic and thermal Energies= -1517.387003 
 Sum of electronic and thermal Enthalpies= -1517.386059 
 Sum of electronic and thermal Free Energies= -1517.491169 
 
NMR Calculation for NHC-B2(pin)2 complex (Scheme 5.4.3)  
(GIAO at B3LYP/6-311+G(2d,p), gas phase, B2H6 (0 ppm) as reference) 
- 641 - 
 
δ (ppm) B42 = -158.5 ppm 
              B63 = -125.8 ppm 
 
 42 B Isotropic = 242.0704 Anisotropy = 33.8128 
   XX= 262.5067 YX= 4.6246 ZX= 10.8595 
   XY= -14.8824 YY= 229.3467 ZY= 6.3972 
   XZ= 2.6682 YZ= -1.3156 ZZ= 234.3579 
   Eigenvalues: 226.6864 234.9126 264.6123 
 63 B Isotropic = 209.4113 Anisotropy = 38.7484 
   XX= 193.7259 YX= 8.2950 ZX= 44.6936 
   XY= -0.0955 YY= 220.1217 ZY= -8.2220 
   XZ= 14.0640 YZ= 0.4166 ZZ= 214.3864 
       Eigenvalues: 172.2584 220.7319 235.243 
 
  NMR Spectra 
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